How to compare different loss functions and their risks

Ingo Steinwart
Modeling, Algorithms and Informatics Group, CCS-3
Los Alamos National Laboratory
{ingo}@lanl.gov

September 7, 2006

Abstract

Many learning problems are described by a risk functional which in turn is defined by a
loss function, and a straightforward and widely-known approach to learn such problems is to
minimize a (modified) empirical version of this risk functional. However, in many cases this
approach suffers from substantial problems such as computational requirements in classification
or robustness concerns in regression. In order to resolve these issues many successful learning
algorithms try to minimize a (modified) empirical risk of a surrogate loss function, instead. Of
course, such a surrogate loss must be “reasonably related” to the original loss function since
otherwise this approach cannot work well. For classification good surrogate loss functions have
been recently identified, and the relationship between the excess classification risk and the
excess risk of these surrogate loss functions has been exactly described. However, beyond the
classification problem little is known on good surrogate loss functions up to now. In this work
we establish a general theory that provides powerful tools for comparing excess risks of different
loss functions. We then apply this theory to several learning problems including (cost-sensitive)
classification, regression, density estimation, and density level detection.

1 Introduction

In many machine learning problems the learning goal is described by a loss function and its asso-
ciated risk. A typical example of such a learning problem is binary classification, where a training
set T := ((z1,y1),---, (Tn,yn)) is given and the goal is to predict the label y € Y := {—1,1} for
a new, unseen input sample x € X. Commonly, it is assumed that the samples are drawn in an
i.i.d. fashion from an unknown probability measure P on X x Y. The simplest learning goal is then
to have an almost minimal prediction error on average future data, i.e. to find a function f : X — R
such that

P({(x,y) € X xY :sign f(z) # y})

is as small as possible. It is well-known and obvious that writing L(y,t) := 1 if ysignt < 0 and
L(y,t) := 0 otherwise, the above probability equals the so-called classification risk

Rup(f) = /X L f(@) dPG.)

and consequently, the learning goal is then to find a function f that (approximately) minimizes
this risk. This form of a learning goal appears in many other learning problems, too. Probably the
best known example of such a learning problem is real-valued regression, however there are many



other important learning problems like cost-sensitive binary classification, multi-class classification,
density estimation, or density level detection (see Section 4 for a rigorous definition of these learning
problems) which can also be described by a risk functional.

Having a learning problem of the above form a simple and well-known learning approach is the
empirical risk minimization (ERM) method. Basically, the idea of ERM is to replace the unknown
true risk Ry p(.) by its empirical counterpart based on the training set 7' and minimize this
empirical L-risk over a suitable function class. Though this approach has a lot of theoretical merits,
for classification it typically leads to NP-hard optimization problems (see e.g. [14]), and thus it is
not computationally realizable. One way to resolve this issue is to use a surrogate loss function Lo,
e.g. the hinge loss as in support vector machines, and then to minimize the (perhaps even further
modified) empirical Lo-risk. Let us assume for a moment that such a learning method £ learns the
surrogate learning problem defined by the loss Lo, i.e. we know Rp, p(fr) — 7'\’,227 p» Where fris the
function produced by the learning method £ and R}, p := inf{Rpr, p(f)| f : X — R measurable}
is the smallest possible Ls-risk. The first question which then naturally arises is:

Question 1. Does the convergence R, p(fr) — R}, p imply the convergence R p(fr) — Ry p?

If we can find a positive answer to this question we know at least asymptotically that by solving
the surrogate learning problem we actually also solve the learning problem we are interested in,
and in this sense L is a suitable learning approach. However, in many situations we are not only
interested in such an asymptotic relation, but also in a more quantitative statement. This leads to
the second question:

Question 2. Does there ezists an increasing function Y : [0,00) — [0, 00) with Y(0) = 0, which is
continuous in 0 and satisfies

Rip(f)—Rip < T(Re,p(f) = Ri,p) ?

For the binary classification problem both questions have been intensively investigated in recent
years (see e.g. [18, 19, 37, 27, 1]), and for margin-based loss functions Lo, i.e. for loss functions of
the form Lo(y,t) = p(yt), complete answers were established in [1]. However, using a surrogate loss
function is a strategy that is not only interesting for binary classification. Indeed, this approach
also has its benefits in the following learning problems:

Cost-sensitive binary classification. In cost-sensitive binary classification the two different
types of errors are penalized differently. Consequently, the optimization problem of a sim-
ple ERM approach remains NP-hard to solve, and thus suitable surrogate loss functions are
desired for a computational treatment. Despite the practical importance of this learning
problem only very little is known in view of the above questions (see [20] for a conjecture
related to the above questions and [10] for a discussion of this learning problem).

Regression. The classical loss function for regression problems is the least squares loss. Though
this loss is mathematically rather easy to handle and the corresponding learning algorithms are
often computational feasible, it is well-known that minimizing an empirical risk based on the
least squares loss is a method which is quite sensitive to outliers. Therefore, a number of more
robust surrogate loss functions have been proposed in the last decades (see e.g. [15, 32, 25, 9]).
Up to now, the analysis of such regression loss functions is typically conducted in a maximum-
likelihood fashion which relates the loss functions to density models of the (conditional)
noise distributions. However, the maximum-likelihood approach requires knowledge about



the marginal distribution which is usually not available and in addition, it does not give
information regarding our two basic questions.

Density level detection. The common performance measure of the density level detection prob-
lem is a risk functional whose loss function is defined in terms of the unknown density (see
e.g. [12, 21, 22, 31]). Consequently, the loss function is unknown and cannot be used to a)
compute a test error, b) build a (modified) ERM approach, and ¢) compare different solu-
tions to the density level detection problem. Therefore, having a reasonable surrogate risk is
essential for dealing with the density level detection problem.

Density estimation. The common performance measures for the density estimation problem are
p-norms of the difference between the unknown density and its estimate. Again, these perfor-
mance measures are risks with respect to a loss function defined by the unknown density, and
consequently, the density estimation problem suffers from the same problems as the density
level detection problem does.

Obviously, the above learning problems are rather different regarding their defining risk functionals,
and in addition, the above list is by no means complete (see e.g. the recent work on multi-class
classification in [36, 30]). In order to systematically investigate our two questions we will therefore
first establish a very general theory that describes how to relate the excess risks of different loss
functions. In large parts this general theory unifies earlier findings of [1], [27], [37], [36], but it also
contains new results. In a second step we then demonstrate the power of this theory by applying
it to the learning problems described above. Let us briefly summarize our findings:

e Cost-sensitive classification. We show that a natural weighting method for margin-based
loss functions allows us to translate the results of [1] to analogous results for cost-sensitive
classification. In particular, we give positive answers to Question 1 and 2. Moreover, we show
that the natural weighting method is the only one that allows such positive answers.

¢ Regression. We first show that the least squares loss is essentially the only loss function of
the form Lo(y,t) = ¥ (y — t) that can be used to find the regression function. For some large
classes of symmetric noise distributions we then characterize the loss functions of the above
form that allow positive answers to the questions 1 and 2 if the target risk is the 1-norm
distance between the regression function and its prediction. Here it will turn out that the
convexity of Lo and related, stronger notions such as strict convexity and uniform convexity
play a crucial role. Moreover, we show that for unbounded, symmetric, but otherwise unspec-
ified noise every loss function of the above form that admits a positive answer to Question
2 must grow at least as fast as the squared loss. Consequently, every ERM approach based
on such loss functions for finding the regression function either learns the problem only in a
weak sense or is sensitive to outliers. Finally, we discuss in which cases and in which sense
approximate risk minimizers approximate the exact risk minimizer.

e Density level detection. It was recently shown in [28] that the density level detection
problem can be solved by learning a binary classification problem, and in fact, the widely
known excess mass approach (see e.g. [12, 21, 22, 31]) implicitly implements ERM of this
classification problem. We extend the considerations of [28] and show that there exists no
surrogate loss function which allows a positive answer to the second question without making
assumptions on the density.

e Density estimation. A well-known heuristic (see e.g. [13, Chap. 14.2.4]) casts the density
estimation problem into a supervised learning problem by using additional samples drawn



from the known reference measure. However, to our best knowledge, there is nothing known
about this heuristic in view of the above questions. For convex loss functions we are able to
give a weak positive answer to the first question. Furthermore, we present a result showing
that the second answer cannot be positively answered.

The rest of this work is organized as follows: In the sections 2 and 3 we develop the general
theory on excess risks. Section 4 then contains the results for the above learning problems. The
proofs of the results of the sections 2 and 3 can be found in Section 5. In addition, this section
contains a powerful tool ensuring the existence of measurable selections which is used to deal with
the notoriously unpleasant measurability questions related to minimal risks. Finally, the appendix
contains some additional information on stronger notions of convexity.

2 The General Theory

In this section we introduce some fundamental definitions related to general cost functions of a form
similar to those considered in [33]. We then develop the central tools for investigating surrogate
cost functions and present general answers to Questions 1 and 2. Some of these answers are not
genuinely new and have been previously found in other forms or less generality by other authors (see
e.g. [1], [27], [37], and [36]), and the proofs of these results are not that deep, either. What is new,
however, is the language we introduce in this section which clearly describes the key quantity related
to surrogate cost functions, namely the calibration function defined in Lemma 2.9. In particular,
this calibration function will enable us to easily investigate the general case in this section and the
following section, and important examples in Section 4. Consequently, it is the central notion of
the entire work.

Let us begin with some notations which will be used throughout this work. To this end let X be
a nonempty set equipped with a o-algebra X. Given a finite measure p on X the p-completion &),
of X is defined by

X, = {AUB: A€ X,3N € X with u(N)=0and BC N}.

Moreover, the completion X of X is defined by

X = {A C X : A€ X, for all finite measures p on X} ,

and the measurable space (X, X) is called complete if X = X. Throughout this work we assume
that (X, X') is complete. Moreover, Y always denotes Polish space, i.e. a topological space whose
topology can be described by a complete and separable metric, and we always equip Y with its
Borel o-algebra. In particular recall that all open or closed subsets of R are Polish spaces.

For a probability measure P on X X Y we denote the marginal distribution on X by Px. Fur-
thermore, P(.|.) : Y x X — [0,1] stands for a fized regular conditional probability, so that we

have /XxyfdP: /X/Yf(x,y) dP(y|z)dPx ()

for all measurable functions f : X x Y — [0,00]. As usual £,(u), p € (0,00), denotes the space of
all measurable functions f : X — R that are p-integrable with respect to the measure p on (X, X).
Finally, throughout this section .4 denotes a non-empty but otherwise arbitrary set which describes
the parameter or function which we wish to estimate. Let us now begin with some fundamental
definitions:



Definition 2.1 (Cost function) A function L : X xY x A — [0, 00] is called a cost function if
L(.,.,a): X XY — [0,00] is measurable for all o € A

Cost functions which play a key role in most machine learning considerations measure the cost
of using the parameter « at the point (z,y). In general we are interested in small average costs
which are introduced in the following definition:

Definition 2.2 (Risk) Let L: X xY x A — [0,00] be a cost function and P be a distribution on
X xY. We define the L-risk of a« € A by

Rip(a) = /X L a)dP(ay) = /X /Y L(z,y, a)dP(y|z)dPx (z) (1)

Moreover, the minimal L-risk, also called the Bayes L-risk, is denoted by R*L,P =infoe A Ry, p(a).

The risk R, p(«) obviously describes the average cost of using the parameter «, where the average
is taken with respect to the distribution P. Now note that using the regular conditional probability
P(y|x), the risk Ry, p(cr) can be computed by an iterated integral as we have seen in (1). Since the
inner integral in (1) will be of fundamental importance in our analysis we introduce:

Definition 2.3 (Inner risk) Let L : X xY x A — [0, 00] be a cost function and Q be a distribution
onY. We define the inner L-risk of an element a € A by

Crou(a) = /YL(%y,a)dQ(y) z € X.

Furthermore, the minimal inner L-risk is denoted by CJ q , := infaca Cr.oz(a).

Note that given a distribution P on X XY the inner risks Cy, p( |2).(), z € X, of a can be used
to compute the risk Ry, p(«) since (1) immediately gives

Rpp(a) = /XCL,P(.LT),x(a) dPx(z).

Our first goal is to establish the same relation between the minimal inner risks and the minimal
risk. To this end we need the following definition which will be used to ensure that x — C} P(|x)
is measurable:

Definition 2.4 (Minimizable cost functions) Let L : X XY x A — [0,00] be a cost function
and P be a distribution on X xY. We say that L is P-minimizable if for all € > 0 there exists an
ae € A such that for all x € X we have

CL.P(fo)a(@2) <CL p(jr)a T (2)

Note that the above definition in particular ensures C} P(le)e < for all z € X. Now we can
establish the following simple but important lemma which computes Rz p with the help of the
corresponding minimal inner risks:

Lemma 2.5 Let P be a distribution on X XY and L : X xY x A — [0,00] be a P-minimizable
cost function. Then x +— CJ P(2) s measurable and we have

Rip= [){CZ,P(.|I),x dPx(z) .



The above lemma shows that the minimal risk R}, p can be achieved by pointwisely minimizing
the inner risks Cr, p(|3)(.), € X, which—in general—will be easier than direct minimization of
Rr,p(.). Moreover, for P-minimizable L with R} p < oo we have

Rrpla) =Rip= /X Cr.p(J).(®) = CL p( o) APx (T)

for all @ € A. Consequently, we can split the analysis of R p(a) — R} p into a) the analysis of the
inner excess risks Cr, p( |q). (@) — CE7P(-|$)J»” x € X, and b) the investigé‘cion of the integration with
respect to Px. Besides technical benefits, the major benefit of this approach is that the analysis in
a) only depends on P via the conditional distributions P(.|z) and hence we can consider the excess
inner risks Cr, g .(a) — Cl g, for suitable distributions @ on Y as a template for Cr.p(|o)z(@) —

Z P(|2)z° The latter does not only reduce notations but also supports the machine learning point
of view in which it is assumed that P, and hence P(.|z), z € X, is (almost) completely unknown.
To pursue this idea we make the following definition:

Definition 2.6 Let Q be a set of distributions on'Y. We say that a distribution P on X XY is of
type Q if P(.|x) € Q for all x € X.

In many machine learning problems the only information given about the distribution P is that
it is of type Q for some “large” set of distributions Q. For example, in binary classification one
typically only knows that P is a distribution on X x {—1,1}, i.e. that P is a distribution of type
Q, where Q consists of all distributions on {—1, 1}.

Before we begin with our analysis let us introduce some more notations which will be very useful.
The sets containing the elements in A that “almost” minimize the inner risk at z are denoted by

Mrga(e) :={aeA:Crg.(a) <Cig.+e}, £ € [0,00].

For later use we note that we always have My g .(0) = 0 and My g.(e1) C Mpga(e2) for
0 < &1 < g9 < oco. Furthermore we have My, g () # 0 for some ¢ € (0,00] if and only if

Lo« < 0. In particular, for P-minimizable cost functions we have My, p( |z ),z(e) # 0 for all
e >0 and z € X. Finally, we write

Mpa(07) = (Y Mrgale) ={a € A:CLgala) <Cj g, +e foralle>0}.
e>0

Note that in the case Cj  , < oo the set My, 0.z(07) contains those elements in A that ezactly
minimize Cr, g . (.), while i 1n the other case C] , , = oo the set is empty.

Let us now turn to the main goal of this section, namely comparing the excess risks of different
cost functions. To this end we first observe that given two cost functions L; : X XY x A — [0, 00)

and Ly : X x Y x A — [0, 00) with
M, (1) (07) C M, p(ia)(07), reX,

Lemma 2.5 shows that every exact minimizer o € A of Ry, p(.) is also an exact minimizer
of Rp, p(.). However, exact minimizers do not necessarily exist, and even if they do exist it is
rather unlikely that we will find them by a learning procedure. On the other hand, many learning
procedures guarantee to find approximate minimizers with high probability, and thus our overall
goal is to establish properties similar to the above observation for approxrimate minimizers. Let us
begin with the following definition.



Definition 2.7 (Calibration) Let Q be a set of distributions on'Y, and L1 : X XY x A — [0, 00|,
Ly : X XY x A—[0,00] be two cost functions. We say that Ls is Li-calibrated with respect to Q
if for alle >0, Q € Q, and x € X there exists a § > 0 such that

MLz,Q@(d) C MLl,Q@(g) ) (3)

i.e. if for all o € A we have
Cry@u(a) <Cp,0q+0 = Crige(a) <Ci o.te. (4)

Furthermore, we say that Lo is Li-calibrated with respect to a distribution P on X XY if Loy is
L -calibrated with respect to the set {P(.|x) :z € X}.

Obviously, Le is Li-calibrated with respect to P if for any given accuracy € > 0 there exists a § > 0
such that every a € A minimizing Cr, p(|q).(-) up to § minimizes Cr,, p(|z) () up to the desired
accuracy €. In other words, Lo is Li-calibrated with respect to P if and only if we have a positive
answer to Question 1 for the excess inner risks. Before we investigate some general techniques
to check for calibration we now present our first main result that shows that for calibrated cost
functions we often have a positive answer to Question 1 for the excess risks, too:

Theorem 2.8 Let P be a distribution on X XY and L1 : X xY x A —[0,00], L2 : X xY x A —
[0, 00] be two P-minimizable cost functions such that R}, p < oo and R}, p < oo. Furthermore
assume that there exist a function b € L1(Px) and measurable functions 6 (e, ) X — (0,00), e >0,
such that

CL17P(.|x),ac(O‘) < Czl,P(.\x),z + b(z) (5)

and

Cio,P(|2),2(®) < CF, p( o), T 0(E @) — Cry,P(fe)x(@) <CL, pja)e T € (6)

forallz € X,e>0 and o € A. Then for all € > 0 there exists a 6 > 0 such that for all « € A we
have
Ri,p(a) <R, p+6 =  Rp,ple) <Ry pte. (7)

Note that (7) is equivalent to a positive answer of Question 1, and consequently Theorem 2.8 gives
a sufficient condition for a asymptotic relationship between different excess risks in the sense of this
question. Moreover, Condition (6) implies that Lo is L;-calibrated with respect to P, and in fact,
the only difference between this condition and the calibration with respect to P is the measurability
of §(e,.) which is necessary for technical reasons. However, we will see later in Theorem 3.3 that
for A consisting of functions over X, this measurability is often automatically satisfied by the
so-called calibration function defined below. In addition, Theorem 3.3 shows that in this case the
Li-calibration of Ls is also a necessary condition for (7), and hence this theorem will give us a
complete answer to Question 1.

In order to apply Theorem 2.8 the main difficulty is usually to determine numbers (g, z) > 0
with My, p(|2)2(0(6,2)) C Mp, p(|a)2(€), i-e. to ensure the calibration. The following lemma
describes an easy yet optimal solution for this task.

Lemma 2.9 (Calibration function) Let Q be a distribution on Y, and L1 : X XY x A —
[0,00], Ly : X XY x A — [0,00] be two cost functions. Then we define the calibration function

max( Qv ) [ ] - [07 OO] of (L17L2) by

S (5 0 l’) — infaeA\MLl,Q,m(E) CLQ,Q,x(OC) — CE@,Q,{L‘ if C’Z%Q,x < 0, (8)
’ 00 if ng,Q,x =00



for all € € [0,00]. Then for all € € [0, 0] we have:
i) MLy Qa(Omax (6,Q, 7)) C ML, ga(e)
ii)  Mpy,02(0) € M, Qz(e) whenever 6 > dmax (€,Q, x).

In addition, if both C}, o, < o0 and C, o, < o0, then for all o € A we have

5max (CLl,Q,x(a) - CELQ,W Qa :E) S CLQ,Q,Q:(Q) - CEQ’QJ . (9)

Note that in some cases we have to distinguish between different calibration functions and hence
we occasionally use the notation Omax,r,,1,(-» @, %) = Omax(., @, ) for the calibration function
6max (., Q, .CL') of (Ll, Lg)

Obviously, part i) of Lemma 2.9 states that Lo is L;-calibrated with respect to Q if dyax (¢, @, ) >
0forall z € X, Q € Q, and € > 0. Moreover, part ii) shows there is no real number ¢ larger than
dmax (€, @, z) satisfying the calibration condition (3), and consequently, Lo is L;-calibrated with
respect to Q if and only if we have dpax (6,Q,z) > 0 for all x € X, Q € Q, and ¢ > 0. In
other words, the calibration function is the quantity we have to investigate when we want to check
whether Lo is Lj-calibrated or not (see e.g. the theorems 4.18, 4.19, and 4.29 for results in this
direction).

Fortunately, it turns out that in most practical situations the computation of the calibration
function is a straightforward exercise, and for the learning scenarios mentioned in the introduction
the corresponding results can be found in the lemmas 4.1, 4.6, 4.16, and 4.28. Moreover, if the
surrogate cost function is conver' in the sense of the following definition this computation is rather
easy even in the general case as we will see below:

Definition 2.10 A cost function L : X x Y X R — [0,00] is called (strictly) convex if L(x,y,.) :
R — [0, 00] is (strictly) convex for allx € X andy €Y.

As already indicated, the calibration function for convex surrogates can be easily computed. This
is stated in the following result:

Lemma 2.11 Let Q be a distribution on'Y and Ly : X x Y xR — [0,00] be a cost function such
that My, g«(€) is a non-empty interval for some x € X and ¢ > 0. Moreover, let Ly : X XY X
R — [0,00] be a convex cost function such that Cr, g .(t) < oo for allt € R. If My, .(0%) C
Mi, 02(0") then we have

Omax (2, @y 0) = min{ Cra 0.0 (0D M1, 0.0(0)), Cra@ur (0 M1y, 0 ()) | = Cipgs  (10)

where Cr,, .(£00) 1= 00.
In particular, if supMp, 0u(e) & Mry,02(07) and inf My, 0.(e) & M, 0u(0T) then
dmax (€, @, x) > 0.

In the machine learning literature a cost function Lo is often considered to be a suitable surrogate
for Ly if the relation My, ¢ »(07) C My, 0.(07) holds. Of course, in general this relation is not
sufficient for calibration. However, for many target cost functions the sets My, o »(¢) are intervals
whose endpoints differ from the endpoints of My, ¢ »(0"). In addition, one is often only interested
in convex surrogates because of algorithmic issues. Now note that in such cases the above lemma
shows that My, 0,(0%7) C My, 0.(07) is sufficient for calibration, and hence it gives the first
rigorous justification for considering this inclusion instead of general calibration question.

!Basic definitions and properties regarding convexity can be found in the appendix.



Let us now investigate Question 2. To this end observe that in some sense inequalities between
the involved excess risks are readily available by Theorem 2.8: indeed, for ¢ > 0 let §(¢) > 0 be a
real number such that implication (7) holds for all « € A. Furthermore, we define §(0) := 0. For
a € Awith € :=Rp, p(a) =R}, p > 0 we then have Rp, p(a) — R}, p > d(¢), or in other words

§(Re,,p(a) =R}, p) < Riypla) —Ri, p. (11)

Furthermore, for o € A with Ry, p(a) — R, p = 0 this inequality is satisfied by our definition
5(0) = 0, and consequently (11) is satisfied for all a € A. Inverting this inequality then gives a
positive answer to Question 2. However, the proof of Theorem 2.8 does unfortunately not provide
a constructive way to find a value for d(g), and hence our next aim is to describe conditions on L,
Lo, and P which will allow us to easily establish inequalities in many situations. To this end we
begin with the following definition.

Definition 2.12 (Fenchel-Legendre biconjugate) Let I C R be an interval and g : I — [0, o0]
be a function. Then the Fenchel-Legendre bi-conjugate g** : I — [0,00] of g is the largest convex
function h : I — [0, 00] satisfying h < g.

Moreover, we use the convention g**(co) = limg_oc ¢**(x) for functions g : [0, 00) — [0, 00).

Note that the Fenchel-Legendre bi-conjugate which is a well-known tool in convex analysis (see
e.g. [24]), is determined by
Epig™ = coEpig,

where Epig := {(z,y) € I x [0,00] : g(x) < y} denotes the epigraph of g and co A denotes the
convex hull of a set A.

Now we are prepared to establish our first inequalities between excess risks of different cost
functions.

Theorem 2.13 Let P be a distribution on X XY and L1 : X xY x A — [0,00], Ly : X XY x A —
[0, 00| be two P-minimizable cost functions with Ri, p <00 and Ry, p < oo. We write

B, := ess -as:lel)% Cry,P(Ja)a(@) — CL1,P(.|1‘),J:
for all o € A. Furthermore, let ¢ : [0, 00] — [0, 00] be a function with 6(0) =0 and

M, P(12)2(6(€)) T Mp, pla)e(€) (12)
for all x € X and all e € [0,00]. Then for all o« € A we have
6*B*a (RLLP(OK) - REI,P) < RL2,P(06) - REQ,P ) (13)
where 0% : [0, Ba] — [0,00] denotes the Fenchel-Legendre biconjugate of the restriction )i g,]-

Remark 2.14 It is straightforward to see from the definition of the Fenchel-Legendre bi-conjugate that
(13) actually holds for all convex functions 0 : [0, Ba] — [0, 0c] satisfying 6 < §. Moreover, if the function &
in the above theorem is increasing with §(¢) > 0 for all € > 0 and we have B, < oo then Lemma A.6 shows
that its bi-conjugate satisfies 03 (¢) > 0 for all ¢ € (0, B,]. Moreover, the bi-conjugate is always convex,
and since 03 (0) = 0 it is also stmctly increasing and thus injective. Consequently, if 63" is finite, then it
has a continuous inverse, and hence we have found a positive answer to Question 2. However, in general this
is no longer true if B, = 0o, as e.g. the case §(¢) = /£, € > 0, shows (see also [34, Prop. A.5] for conditions
guaranteeing 6** > 0).



We will see in Theorem 2.17 that Condition (12) is also necessary if one wants to have an inequality between
the two excess risks that is independent of the specific distribution P. Of course, from a machine learning
perspective this independence is a highly desired property since in general the data-generating distribution
P is assumed to be unknown. Finally, we will see in Section 4 that for binary classification the inequalities
established in Theorem 2.13 coincide with the inequalities found in [1]. Since their inequalities are sharp
if one does not make additional assumptions on P, we see that the inequalities of Theorem 2.13 cannot be
improved in general. However, note that under certain conditions on P there are substantial improvements
possible, and we will present examples of such improvements after Theorem 3.9.

Using the notion of uniform calibration introduced in Definition 2.15 below, Theorem 2.13 immediately
gives inequalities for several surrogates of interesting learning scenarios. For some examples we refer to
Theorem 4.3, Example 4.5, Remark 4.8, Theorem 4.20, and Theorem 4.24.

Finally, the almost trivial case of Theorem 2.13, i.e. the case of a € A satisfying Ry p(a) < oo, is (up to
measurability) also a direct consequence of the more general [36, Theorem 24] which in turn was inspired by
a less general result of [1]. We added the short proof for this case for the sake of completeness.

If the function d in the above theorem satisfies d(¢) > 0 for all € > 0 then condition (12) is a
uniform version of the notion of calibration. Let us describe this situation in the following definition:

Definition 2.15 (Uniform calibration) Let Q be a set of distributions on'Y, and Ly : X x Y X
A — [0,00), Ly : X XY x A — [0,00) be two cost functions. We say that Lo is uniformly L;-
calibrated with respect to Q if for all e > 0 there exists a 6 > 0 such that My, 0 .(0) C M, Q.(€)
forallQ € Q and x € X, i.e. if for all Q € O, x € X, and o € A we have

Cry,0.0(a) < CZ%QJ +4 = Cr,Qqu(a) < Cth?x +e.

Furthermore, we say that Lo is uniformly L1-calibrated with respect to a distribution P on X XY
if Lo is uniformly Li-calibrated with respect to the set {P(.|z):x € X}.

Obviously the above definition guarantees that L; is P-minimizable whenever Ly is so. Now
observe that the larger the function § satisfying (12) is, the better inequality (13) becomes. Given
a set Q of distributions on Y let us consequently consider the best possible candidate function,
that is

Omax (g, Q) := sup{5 >0: Mp,02(0) CMp, gaule) forallz e X, Qe Q} , e €10,00]. (14)

Obviously, Ly is uniformly Lj-calibrated with respect to Q if and only if dpax(e, Q) > 0 for all
e > 0.

For a given distribution P on X X Y let us write dmax(e, P) = Omax(e, {P(.|z) : x € X}).
Assuming that P is of type Q we then have dpax(e, Q) < dmax(€, P) and consequently, the next
lemma shows that the distribution-independent function dyax(., Q) can be used in Theorem 2.13.2
Furthermore, it provides a simple method to calculate dpyax(., Q):

Lemma 2.16 Let Q be a set of distributions on'Y, and L1 : X XY x A — [0,00), Ly : X xY x A —
[0,00) be two cost functions. Then for all x € X and all € > 0 we have

M 15,02 (Omax(e; Q) € Mr,,.(€)

and
5max y = inf 5max s & .
(¢,9) Jnf) (e,Q, )
zeX

2Tn Theorem 3.6 we will see that under rather natural conditions, using dmax(., Q) does not give worse inequalities
than using dmax (g, P).

10



Theorem 2.13 states that for distributions P of type Q we can find inequalities between the
excess risks of uniformly calibrated cost functions. The following theorem shows that the uniform
calibration is also necessary for such inequalities.

Theorem 2.17 Let L1 : X XY x A — [0,00) and Ly : X XY x A — [0,00) be two cost functions,
and Q be class of distributions on Y with CZhQ’x < o0 and CZ%QJ < oo forallx € X, Q € Q.
Furthermore, let § : [0,00] — [0,00] be an increasing function with 6(0) = 0 and 6(g) > 0 for all
e > 0. If for all distributions P of type Q satisfying R}, p < 0o and R}, p < 00, and all measurable
a € A we have

§(Reyp(a) =Ry, p) < Riypla) =Ri,p,

then Lo is uniformly Li-calibrated with respect to Q.

Unfortunately, it will turn out that in many situations such as regression or density estimation we
cannot find interesting, uniformly calibrated surrogates. In such situations the following theorem
which presents inequalities between excess risks under less restrictive calibration assumptions can
help:

Theorem 2.18 Let P be a distribution on X xY and L1 : X XY x A — [0,00), Loy : X XY x A —
[0,00) be P-minimizable cost functions. Assume that there exist p € (0,00], ¢ > p%l, and a function
b: X — [0,00] such that

Omax (g, P(.|x),z) > £b(z), e>0,zeX (15)
and b=' € L,(Px). Then for all « € A we have

1

1
Riy,p(@) = Riyp < I07UE, oy (Reap(a) = Ri, p) "

Remark 2.19 The above condition b~' € L£,(Px) measures how much the calibration function
Smax (€, P(.|z), z) violates a uniform lower bound of the form dy,ax (¢, P(.|2),z) > ce?, € € [0, 00]. Indeed, the
larger we can choose p in Condition (15) the more the shape of b is away from the critical level 0, and thus
the closer Condition (15) is to a uniform lower bound. In the extremal case p = oo, Condition (15) actually
becomes a uniform bound, and the inequality of Theorem 2.18 equals the inequality of Theorem 2.13.

Finally, it is interesting to note that up to measurability considerations Theorem 2.18 can also be derived
from the more general [36, Theorem 24]. Since the direct proof is very easy we decided to include it for the
sake of completeness.

3 Loss Functions

In the previous section we have not specified the hypothesis set A and how the cost function acts on
this set. In this subsection we will now investigate loss functions which are cost functions where F
consists of measurable functions f : X — 7 and the cost acts on this set pointwise, i.e. in the form
L(z,y, f(z)). Obviously, all results of the previous section can be applied to such cost functions,
but it will turn out in this section that in some cases we can actually show more. The rest of this
section is organized as follows: In the first subsection we will formally introduce loss functions.
Then our main focus in this subsection is to show that under mild assumptions the conditions of
the last section ensuring measurability of e.g. the inner Bayes risks are automatically satisfied. In
addition, we show that for loss functions Theorem 2.7 is in some sense optimal. In the following
two subsections we then prove some additional properties of certain types of loss functions. Finally,
we investigate in the last subsection whether and in which sense approximate L-risk minimizers
approximate exact minimizer of the L-risk.
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3.1 Measurability Considerations for Loss Functions

In this subsection we first introduce loss functions and some notations related to them. Our
main results of this subsection are then presented in Theorem 3.2 and 3.3 which mainly deal with
measurability questions.

Let us begin with the following fundamental definition which introduces loss functions:

Definition 3.1 (Loss function) Let 7 be a Polish space. Then a function L : X XY x7T — [0, o0
1s called a loss function if it is measurable.

Obviously, every loss function L is a cost function, but in general the converse is not true because
of the stronger measurability condition loss functions have to satisfy. Moreover, a loss function L
also induces a cost function acting on the space M(X,7) of all measurable functions f: X — 7.

Indeed, for A := M(X,7T) the mapping
L:XxYxA — [0,00)
(z,y,f) — L(z,y, f(z))

is a cost function since (z,y) — L(x,y, f(x)) is measurable for all f € A. Now note that the inner
risks of L and L are related by

i) = [ Doy, () dQe) = Croa (). (1)

and consequently we have Cz Os = ClL.Q.- In the following we are only interested in the excess

risks of the induced cost function ﬁ, and therefore we write in a slight abuse of notations

Rep(f) :=Rj p(f), feMX,T),

and analogously, we define R} p := R*L Now recall that all the major results of the previous

7P'
section required that the involved cost functions are P-minimizable. Having a loss function L we
consequently need to ensure that its induced cost function L is P-minimizable. This is done in the

following lemma whose main difficulty is to ensure the measurability statements.

Theorem 3.2 Let L: X xY x T — [0,00] be a loss function and P be a distribution on X x Y.
Then the following statements are true:

i) L is P-minimizable if and only if CZPCIr),w < oo and all x € X.

i1) If we have Mva(,|x),z(0+) # ) for all x € X then there exists a measurable function fip:
X — T with CLVP(_M)@(fz’P(x)) =C] P(2)a for all z € X, and consequently we have

Rerp(fip)=RLp-

In combination with Lemma 2.5 the above theorem shows that the inner Bayes risks are mea-
surable under rather general conditions, namely the completeness of (X,X’). Consequently, one
can typically avoid measurability considerations when dealing with loss functions, and therefore
earlier investigations on surrogate loss functions (which all avoided measurability considerations)
are justified with hindsight.

Now recall the key quantity of the previous section was the calibration function. Since we are
only interested in the excess risks of the cost functions f)l and i)g induced by the loss functions L
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and Lo we need to calculate the calibration function of (ﬁl, ﬁg) To this end assume first that we
have C7, o, < co. Then Equation (16) gives

5maX7L17L2 (57 Q, .%') = tlgqf' CLQ,Q,:B (t) - CZ%Q,GC = 5max,f,1,f,2 (57 Q, x) s

tgML,Q,x(€)

where in the last equality we used that f := ¢ is a measurable function with f(z) = ¢t. Moreover,
if €y, Qx = the above observation is also true, and consequently it suffices to investigate the

calibration function dmax 1, 1, (€, @, ) when dealing with the pair (ﬁl, ﬁg)

We have already seen in part i) of Lemma 2.9 that the calibration function satisfies Condition
(6), however, in order to use the calibration function in Theorem 2.8 we also need to know that it is
measurable. The following theorem completely resolves this issue, and in addition it characterizes
the distributions for which implication (7) hold:

Theorem 3.3 Let L1 : X XY x 7T — [0,00] and Ly : X XY x T — [0,00] be loss functions, and
P be a distribution on X XY such that R}kth < 00 and RE%P < o0o. Then

T+ Omax(g, P(.|z), )
is measurable for all e > 0. In addition, consider the following statements:
i) For all e € (0,00] we have Px ({z € X : 6max(e, P(.|z),z) = 0}) = 0.
ii) For all € € (0,00] there is a 6 > 0 such that for all measurable functions f : X — T we have

Rio,.p(f) <Rp,p+9 = Rr,p(f) <Rp,p+e. (17)

Then we have i) = i), and the inverse implication i) = ii) holds if there exists a function b €
L1(Px) satisfying (6).

The above theorem shows that the Li-calibration is necessary for Lo being a reasonable surrogate
loss in the sense of Question 1. Consequently, the calibration function will be our major tool when
investigating specific learning problems in Section 4.

3.2 Supervised Loss Functions

General loss functions can explicitly depend on the input variable x, and hence so do the derived
quantities like the inner risks. However, many important loss functions are actually independent of
x, and since the theory becomes substantially simpler for such losses we now briefly consider them.
Let us begin with the following definition:

Definition 3.4 (Supervised loss functions) Let 7 be a Polish space. A function LY x T —
[0, 00] is called a supervised loss function if it is measurable.

Formally, supervised loss functions are not loss functions, however, it is obvious that every super-
vised loss function L induces a loss function L via L(x,y,t) := L(y,t). In the following we always
identify L with L. Now note that the inner risk of L is

Cron(t) = /Y L(y.)dQ(y)
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i.e. it is independent of x. Moreover, the same is obviously true for the derived quantities CiQ’x,
My 0.z(€), and therefore we usually use the shorter notations

CLQ(t) = CE,Q,x(t)7 CE,Q = CZ,Q@, and ML,Q(E) = ML,Q@(E),

where x € X is an arbitrary element. Furthermore, note that if we have two supervised loss
functions then the corresponding calibration function dpax(e, @, ) is independent of x, too, and
hence we analogously write dpmax(g, @) := Omax (g, @, ) for some x € X. Finally note that the often
imposed condition C; 0z <X is also independent of x. This justifies the following definition:
Definition 3.5 Let Q be a class of distributions onY and L : Y x T — [0,00) be a supervised loss
function. Then we write

Q(L):={Q e Q:Cty< oo}

Obviously, all theorems we have formulated for cost or loss functions also hold for supervised loss
functions. In particular, for uniformly calibrated supervised loss functions Theorem 2.13 can be used
to establish inequalities between the corresponding excess risks. Now note that for distributions
P of type Q we always have 0pax(e, P) < dmax(€, Q), and consequently one may think that using
dmax (€, P) instead of dpmax (e, Q) leads to sharper inequalities in Theorem 2.13. The following result
shows that this intuition is usually false if the set Q is not chosen overly conservative:

Theorem 3.6 Let L1 : Y x 7T — [0,00], Ly : Y X T — [0,00] be supervised loss functions and
Q be a set of distributions on Y with Q = Q(L2) = Q(L1). Furthermore assume that there is a
distribution p on X for which there exist mutually disjoint subsets A,, C X, n € N, with u(Ay) >0
for all n € N. Then there exists a distribution P of type Q with Px = u such that for all € > 0 we
have

5max(€7 P) = 5max(5; Q) . (18)
3.3 Unsupervised Loss Functions

In the previous part of the work we considered loss functions whose inner risks are independent of
. Formally we can also consider loss functions whose inner risks are independent of (). Before we
motivate such losses let us first make a precise definition:

Definition 3.7 (Unsupervised loss functions) Let 7 be a Polish space. A function L : X X
T — [0,00] is called an unsupervised loss function if it is measurable.

Like supervised loss functions, unsupervised loss functions are not loss functions. However, it is
obvious that every unsupervised loss function L induces a loss function L via L(z,y,t) := L(z,t).
In the following we always identify L with L. Now note that the inner risk of L is

CE,Q,m(t) = L($, t) )

L.e. it is independent of Q. Moreover, the quantities C] o ., M 1,Q,z(€) obviously share this property.
In the following we thus use the shorthands

Crz(t) :=Crga(t), Cla=Cloz and Mp.(e) = Mpq.le),

where @ is an arbitrary distribution. Note that these definitions in particular give

Cr.= tlélgL(x,t). (19)

)
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At a first glance it seems rather odd to consider unsupervised loss functions since their associated
(inner) risks Cr, p(|2)(-) do not depend on the conditional probabilities P(.|z), and hence they
apparently do not define a reasonable learning goal. However, we will see later that the key idea of
unsupervised loss functions is to encode the dependence of P(.|x) on the first input variable z of
L, so that we actually have the possibility to encode dependencies that are not of the form of an
inner risk. This fact will be particularly important when considering unsupervised learning goals
such as density level detection and density estimation. In addition unsupervised loss functions
will also serve as a powerful technical tool when considering general questions on loss functions in
e.g. Subsection 3.4. In this regard the following class of unsupervised loss functions will turn out
to be of particular interest:

Definition 3.8 (Detection loss functions) Let A C X x 7 be a measurable subset and h : X —
[0,00) be a measurable function. Then we call L : X x T — [0,00) a detection loss function with
respect to (A, h) if

L(z,t) = 14(x,t) h(x), reX,teT.

Every detection loss function is obviously measurable and hence an unsupervised loss function.
In addition, for x € X and ¢t € 7 our above notations immediately show
0 if A(z) ={t' €T : (z,t') e A} =T

1a(z, t)h(z) else. (20)

CL,ﬂi(t) - Cz,x = {

If the detection loss Ls is uniformly Li-calibrated with respect to P, then it is straightforward
to establish inequalities by Theorem 2.13. However, using the specific form of detection losses one
can often improve these inequalities as we will discuss after the following rather general theorem:

Theorem 3.9 Let L1 : X x T — [0,00) be a detection loss function with respect to (A, h), Lo :
X XY x7T — [0,00] be a loss function, and P be a distribution on X X Y with Ri, p < 00,
Rl,p <oc. Fors>0 we write

B(s) == {x € X : A(z) # 7T and Omax(h(z), P(|2),2) < sh(m)} .

If there are constants ¢ > 0 and o € (0, 00| with

/lg(s)h dPx < (cs)* (21)
for all s > 0, then for all measurable f : X — T we have

Risplf) = Riyp < 2657 (Rpg plf) = Rip) ¥

The above theorem can be used in various settings, but for brevity’s sake we only refer to
Remark 3.20, Remark 4.4, and Theorem 4.33. Moreover, we have already indicated that Theorem
3.9 improves the inequalities we obtained for general target losses L1 in various cases. The following
two remarks illustrate this:

Remark 3.10 Let L; be a detection loss with h = 1x, and assume that Condition (15) is satisfied for some
b: X — [0,00] with b~ € £,(Px) and ¢ > ppi Then Theorem 2.18 gives

Q=

1
R, p(f) =R, p < Hb_l”ZP(PX) (Reo,p(f) = Ri,p) (22)
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However, we also have B(s) C {z € X : b(z) < s}, and since b=! € L£,(Px) implies Px({z € X : b(z) <
sH < (674, s)p, we find (21) for ¢ := ||b7!||z,(py) and o := p. Consequently, Theorem 3.9 yields

Reyp(f) =R, p < 20077 (pyy (Reap(f) = RL, p) 7 (23)

Now recall that Theorem 2.18 required % < ¥, and therefore (23) is sharper than (22) whenever the excess

risk Rz, p(f) — R}, p is sufficiently small and ¢ > 1+ 1/p.

Remark 3.11 Let L; be a detection loss and Ly be a loss that is uniformly L;-calibrated with respect to
some class Q of distributions. If dyax(., @) > €9 for some ¢ > 1 and all £ > 0 then Theorem 2.13 gives

Reop(f) = Ri p < (Reap(f) — R}, p)? (24)

for all measurable f : X — R. However, it holds B(s) C {z € X : 0 < h(z) < s'/(@=D}, and consequently, if
we have

Px({zreX:0<h(z)<s}) < (C s)P (25)
for some constants C' > 0, 8 € (0,00|, and all s > 0, then it is easy to check that (21) is satisfied for
c= C% and o := %. Theorem 3.9 then yields

« Bq—8 « B4l
Rip(f) = Ri,p < 2075 (Re, p(f) =R, p) 7. (26)
Now note that we always have % > %, and thus (26) is sharper than (24) whenever the excess risk

Ri,p(f) — R}, p is sufficiently small.

3.4 Self-calibrated Loss Functions

Given a loss function L and a distribution P such that an ervact minimizer f7 p of Ry p(.) exists
one may ask whether, and in which sense, e-approximate minimizers f. of Ry p(.) approximate
f1 p- The goal of this subsection is to provide some general answers to these questions.

Interestingly, this question and its answers are important for both practical applications of learn-
ing algorithms as well as for theoretical considerations. For example, in binary classification (see
the next section for a formal definition of this learning problem) one is often not only interested
in finding a good classifier f but also an estimate of the conditional probability P(y = 1|x). Now
assume that one has obtained a classifier f by using a learning algorithm which is L-risk consistent
for a suitable surrogate L of the classification loss. If the minimizer f} p of this loss has a one-
to-one correspondence to the conditional probability and we have a positive answer to the above
question one can then use a suitable transformation of f(z) to estimate P(y = 1|z). An important
non-trivial example of such a loss function is discussed in Example 4.5. Moreover, by combining
the results of this subsection with (41) and Example 4.22 one can for example address the question
in which sense the absolute distance loss can be used to estimate the (conditional) median in a
regression problem. Finally, some positive insight into the above question can also give powerful
tools to establish variance bounds which recently turned out to be important for establishing “fast
rates” for learning algorithms (see Remark 4.26 for some further discussion).

In the hope that we have convinced the reader of the importance of the above question we now
begin with the following definition which introduces another important class of loss functions:

Definition 3.12 (Template loss) Let Q be a class of distributions on'Y . Then we call a function
L: QxR — [0,00] atemplate loss function if for all Q-type distributions P on X XY the P-instance
Lp of L defined by

Lp: X xR — [0,00]

(z,t) — L(P(.\x),t), (27)
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18 measurable.

Again, the main condition of the above definition is the measurability which enables us to interpret
the P-instances of L as unsupervised loss functions. In particular, we can define the risk of a
template loss function by the risk of its P-instance, namely

Rip(f) = Rupplf) = [ L(PUID). F@) dPx(@),
where f : X — R is a measurable function. Consequently, we define the inner risks of a template
loss L : Q@ x R — [0, oo] analogously to the inner risks of unsupervised losses, i.e. we write

o x ,
CL,Q(t) = L(Qvt)a and CL,Q = tl/Igl%L(Q,t )

for Q € 9, t € R. Note that the right hand sides of these definitions have the form we used for
unsupervised losses in the sense that no integrals occur while the left hand sides have the form we
obtained for supervised losses in the sense that the inner risks are independent of x.

Having defined the inner risks we write, as usual, Mpg(e) := {t € R : Cr(t) < C} o + ¢},
Q € Q, e > 0, for the corresponding sets of approximative minimizers. Moreover, given a supervised
surrogate loss Lo we define the calibration function dmax(., @) : [0, 00] — [0, 00| by

5max(57 Q) = 5max,L7L2 (57 Q) = tél’; CLQ,Q (t) - CEQ,Q ) €€ [07 OO],
tEMr,q(e)
if Cj, g < o0, and by Omax (€, @) := 0o otherwise. Since in the proofs of Lemma 2.9 and Lemma 2.16
we have not used that the inner risks are defined by integrals, it is then not hard to see that both
lemmas also hold for the above calibration function. Consequently, we say that Lo is L-calibrated
with respect to Q if
Omax(g,Q) >0

for all e > 0 and Q € Q. Analogously, we say that Lo is uniformly L-calibrated with respect to Q
if Omax(e, Q) = infoecg dmax(e, Q) > 0 for all € > 0. If we now consider a P-instance Lp of L we
immediately obtain

5maX,LP7L2(€7P(":B)7:E) = 5max,L,L2(5>P(~|$))’ € € [0, OO], Tz e X. (28)

In other words, the L-calibration of Lo can be investigated analogously to supervised losses, i.e. in
terms of Q, while the resulting calibration statements can be used to determine the relation between
the excess Lo-risk and the excess risk of the unsupervised loss Lp.

In order to give a first interesting example of template losses let us now turn to our initial
question, namely the approximation properties of approximate risk minimizers. To this end let
L:Y xR — [0,00] be a supervised loss function. We write

Omin(L) == {Q : Q is a distribution on Y with My, o(0") # 0}, (29)

i.e. Omin(L) contains the distributions on Y whose inner L-risks have at least one exact minimizer.
Furthermore, for Q € Quin(L) and ¢t € R we define

L(Q,t) = dist(t 0h)) := inf t—t 30
Q1) ist (¢, Mz,o(07)) t,eMng(oﬂl |, (30)

ie. E(Q,t) measures the distance of ¢ to the set of elements ¢’ € R minimizing Cr, o(.). Now the
following fundamental lemma ensures that the above quantity defines a template loss function:
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Lemma 3.13 Let L : Y xR — [0, 00] be a supervised loss function. Then L : Quin(L) xR — [0, 00)
defined by (30) is a template loss function.

It is almost needless to say that the main statement of the above lemma is again the measurability
of the instances of L.
Now note that the definition of L immediately gives Cz 0= 0, and therefore we have

Mj oe) ={teR: LQ,t)<e} ={teR:3IH € My o(0") with |t — /| < ¢} (31)

for all @ € Omin(L) and £ € [0,00]. Furthermore, we have already mentioned, that the results
of Lemma 2.9 remain true for template losses. By Inequality (9) the self-calibration function
0 ax iz (-» @) which can be computed by

Omax, i1 (8 Q) = inf Cro(t) —Cig

dist(t, M, o(0")>e

thus satisfies
5max,L,L(diSt(t’ ML,Q(OJ“)), Q) <Cro(t) — CZ,Q

for all @ € Omin(L) and all ¢ € R. Note that if My, o(0") contains a single element ty then the
latter inequality becomes

5maX,E,L(’t B tz?" Q) < CL7Q(t) - CZ,Q ’ (32)

and consequently, the calibration function quantifies how well an approximate Cr, ¢(.)-minimizer ¢
approximates the exact minimizer ta. This motivates the following definition:

Definition 3.14 (Self-calibration) Let L : Y x R — [0,00] be a supervised loss function and
Q C Qnin(L). We say that L is (uniformly) self-calibrated with respect to Q, if L is (uniformly)
L-calibrated with respect to Q.

If L is a supervised convex loss function then My, ¢(07) is an interval, and hence (31) together
with the proof of Lemma 2.11 immediately gives the following result:

Lemma 3.15 (Self-calibration of convex losses) Fuvery supervised convex loss function L :
Y xR — [0,00) is self-calibrated with respect to Qmin(L).

Note that we will see some examples in Section 4.3 showing that in general supervised convex
losses are not uniformly self-calibrated. In general, we consequently cannot expect strong inequal-
ities in the sense of Theorem 2.13 for the self-calibration problem. However, even the somewhat
weak self-calibration established in Lemma 3.15 can be used to get interesting results for convex
loss functions. This is discussed in Remark 3.18 which is a consequence of the following proposition
showing that for self-calibrated loss functions, approximate risk minimizers approximate the Bayes
decision functions:

Theorem 3.16 Let L : Y xR — [0,00) be a supervised loss function that is self-calibrated with
respect to some Q C Quin(L), and P be a distribution of Q-type with R*LP < oo. Then for all
e >0 and p > 0 there exists a § > 0 such that for all measurable f : X — R we have

RL’p(f) <Rz’p+5 — Px({wéX:ip($,f($)) Zp}) <e€.

Remark 3.17 In [26] a similar though technically more complicated version of the above theorem has
already been proved for binary classification problems.
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Remark 3.18 Let L be a convex supervised loss such that the sets ML,P(.|I)7$(O+) are singletons. By
Theorem 3.2 there then exists a Px-almost surely unique minimizer f; p of Rpr p(.), and thus we have

Lp(z,t) = |t — fi p(x)| for Px-almost all z € X. Moreover, the assumptions of the above theorem
are obviously satisfied, and consequently we obtain f, — f; p in probability for all sequences (fn) with
Rep(fn) — R1 p- In other words, approximate risk minimizers approximate the unique risk minimizer
J1.p in probability.

Of course, the approximation in probability discussed in the previous remark is a somewhat weak
notion and therefore let us finally describe situations in which we can replace it by a stronger notion
of approximation:

Proposition 3.19 Let L: Y xR — [0,00) be a supervised loss function that is self-calibrated with
respect to some Q C Quin(L), and P be a distribution of Q-type with Rip < o0. Assume that
there exist p € (0,00], ¢ >0, and a function b: X — [0, 00| with b= € L,(Px) and

6max,ip7L(€7P(‘|I)7l‘) > el b(gj), e>0,zeX.

Then for all measurable f : X — R we have

ptl 1

([ Eota s are) ™ <107y (Rirt) - Ris)

Remark 3.20 If Ry p(.) has an almost surely unique minimizer f7 p then Proposition 3.19 ensures ||.||_ze -
I P

convergence of f,, to f; p whenever we have Ry p(fn) — R71.p- Interestingly, if we can only ensure b1 e

L, 00(Px), where £, o (Px) is a Lorentz space (see e.g. [3]), then the norm ||H% in the above proposition

can be replaced by the Lorentz-norm ||H% oo if we combine Theorem 3.9 with the proof of Theorem 3.16.
=5

4 Examples

In this section we apply the general theory of Section 2 to various loss functions of common learn-
ing scenarios such as (cost-sensitive) binary classification, regression, density level detection, and
density estimation.

4.1 Standard Binary Classification

In this subsection we investigate surrogate loss functions for the binary classification problem.
Since such classification calibrated loss functions have already been intensively studied by Bartlett
et al. in [1], our main aim in this subsection is to briefly discuss the relationship between their
results and our general framework. In addition, the concepts developed in this subsection will be
needed in the following subsections when dealing with cost-sensitive classification and density level
detection.

Let us begin with briefly recalling the standard binary classification problem. To this end let
Y :={—1,1} and 7 := R throughout the subsection. Our target loss is the supervised loss function
Leass 1 Y X R — [0, 00) defined by

Letass(y, 1) := 1o g (ysignt) , yeY,teR, (33)

where we use the convention sign0 := 1. For a given distribution P on X XY an easy computation
then shows that R . p(f) is the classification risk discussed in the introduction.

In the following, Qy denotes the set of all distributions on Y. We say that a supervised loss
function L is (uniformly) classification calibrated if it is (uniformly) L.jass-calibrated with respect to
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Qy. Furthermore observe that any distribution ¢ € Qy can be uniquely described by an n € [0, 1]
using the identification n = Q({1}). If L is a supervised loss function we therefore use the notations

Crn(t) :=Cro(t), Crn=Cro M y(e) == Mpgl(e), and  Omax(€,71) = dmax(€, Q)
for t € R and € > 0. Now our first aim is to compute My »(€) and dmax(e,n):

Lemma 4.1 Let L : Y xR — [0,00) be a supervised loss function. Then for alln € [0,1], ¢ > 0
we have
00 if e > |2n — 1|,

infyer.(29-1)signt<0 CrLn(t) = Cp,, if e < |2n—1].

Omax(g,1) = {

Proof: For t € R a well-known and easy calculation shows

Clopeem®) = CLyn = ]277 — 1\ 1(Zoo0)((2n — 1) signt) . (34)

Now if € > |2 — 1| we obviously have Cr,, . n(t) —=C___, <€ for all t € R and hence we obtain
MU m(€) = R. On the other hand for € < [2n — 1| we have Cr,, . n(t) = C} ., <e¢ if and only
if (2n —1)signt > 0, and hence My n(e) = {t € R: (2n — 1)signt > 0}. [ |

In the following we will restrict our considerations to the following class of supervised loss func-
tions used in many classification algorithms.

Definition 4.2 A supervised loss function L : Y xR — [0, 00) is called margin-based if there exists
ap:R —[0,00) with L(y,t) = ¢(yt) for ally € Y and all t € R.

Note that the classification loss Lj.ss is not margin-based, but many other loss functions are. For
some examples we refer to Table 1. Now one of the main results on margin-based losses established
in [1] reads as follows:

Theorem 4.3 Let L be a margin-based loss function. Then the following are equivalent:
i) L is classification calibrated.
it) L is uniformly classification calibrated.
i11) The function H : [0,1] — [0,00) defined by

H = inf t) — * 1
) teR:(Qljyl—Utgo Cra(t) = CLy, n € [0,1], (35)

satisfies H(n) > 0 for all n € [0,1] with n # 1/2.
Furthermore, for ¢ :[0,1] — [0,00) defined by (e) := H(%), e € [0, 1], we have
6" (€) < Opax(€;, Qv), e €10,1], (36)
and both quantities are actually equal whenever L is continuous.

The above theorem shows that for binary classification, calibration coincides with uniform cali-
bration, and consequently a positive answer to Question 1 automatically gives a positive answer to
Question 2. Moreover, in order to find the corresponding inequality, it suffices to compute the func-
tion H (or the calibration function for continuous surrogates). For many interesting loss functions
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Name of loss function o(t) for t € R H(n) for n € [0,1] 5**(e) for € € (0,1]
Hinge loss max{0,1 — ¢t} |2n — 1] €
Truncated least squares (max{O, 1— t})2 (2n —1)2 g2

Least squares (1 —1t)? (2n —1)2 g2
Exponential loss exp(—t) 1—-2yn(1—-n) 1—+v1—g2
Sigmoid loss 1 — tanh(t) |27 — 1] €

Logistic loss In(1+e7?) In2+nlnn+ (1-n)ln(1—n) (H_s)ln(1+€);(1_6)1n(1_8)

Table 1: Some common margin-based loss functions and the corresponding values for H(n) and §** defined
in Theorem 4.3. All results are taken from [1] besides the ones for the least squares loss and the logistic loss.

this has already been done by Bartlett et al. in [1]. Their results together with the corresponding
values of the function §** defined in Theorem 4.3 are summarized in Table 1. Finally, recall that if
L is a conver margin-based loss function then it was shown in [1] that L is classification calibrated
if and only if its associated ¢ is differentiable at 0 with ¢/(0) < 0. In addition, in this case [1,
Theorem 4] shows the simple formula

5;krikax(€7 QY) = ()0(0) - Cz’1+e s g € [0, 1]

Remark 4.4 It is interesting to note that Equation (34) can be used to describe the classification loss by
a detection loss function. Indeed, if for a given distribution P on X X Y we write

Lp(z,t) = |2n(z) — 1] - 1(_oo,0) ((2n(z) — 1) signt) r e XteR,
then Lp : X x R — [0,00) is a detection loss with h(z) = |2n(x) — 1|, z € X, and (34) states

CLclassJ](I) (t> - Czclm,n(x) = CLP;I(t> - CZP,w

for all z € X, t € R. Furthermore, Condition (25) is then a weaker version of Tsybakov noise assumption in
the sense of [29], and the resulting inequality of Theorem 3.9 essentially coincides with that of [1, Thm. 10].
In this regard it is also interesting to note that the function §**(¢) for the logistic loss (see Table 1) behaves
like €2, so that for this loss the inequality of Theorem 3.9 can be substantially simplified.

Sometimes, practical classification problems do not only require a small classification risk but
also an estimate of the conditional probability n(z) = P(y = 1|z), x € X. If we have a margin-
based loss function L for which there is a one-to-one transformation between the sets of minimizers
M, ,(07) and 7 then it seems natural to use self-calibration properties of L to investigate whether
suitably transformed approximate L-risk minimizers approximate n. This approach is discussed in
the following example:

Example 4.5 (Estimating the conditional probabilities with the logistic loss) Let Liogst be the
logistic loss defined by ¢(t) = In(1 +e~*), t € R. Then it is well-known that

n
MLlogist:n(0+) = {ln(l )}a 776 (071)
-1
In other words, if ¢,, denotes the element contained in My, .. ,(0F) then we have n = He%tl Consequently,
if t approximately minimizes Cr,,.., »(.) then it is close to ¢, by Lemma 3.15 and hence ﬁ can serve as
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an estimate of . However, investigating the quality of this estimate by the self-calibration function of Ljygist
causes some technical problems since Ljogist is only self-calibrated with respect to the distributions @ € Qy
with Q({1}) # 0,1. Consequently, we now assess the quality of the above estimate directly. To this end we
define L : Qy x R — [0,00) by L(n,t) := ’n — 1_;7|, n € [0,1], ¢ € R. Then L is template loss function
which measures the distance between 7 and its estimate in the sense of the above discussion. Let us compute
the calibration function of (L, Liogist). To this end we first observe that C; , = 0forallne [0, 1], and hence

we have My, ,(e) = {t e R: L(n,t) < e}. Consequently, for C,(t) := CLlogist:n(t) —CJ oty Lemma 2.11 gives
. n—e& l—-n—c¢
Omax i ) = Cyll (7) ,Cp| —1 (7) )
o (25 Yoo,
where we use the convention (z); := max{0,z}, z € R, and C,(+oc0) := co. From this we can easily

conclude dmax, L, Liogiee (€:1) = Omax, L, Liogiee (€: 1 =) for all € > 0, n € [0,1]. Moreover, for fixed € € (0,1/2)
and € < n < 1 — € some calculations show

n L= n L—n
1 l1-p)h——r < pyn—+(1-n)ln ——
nnn—s+( 77)n1—77—|—€ 7nnn+€+( n)nl—n—s
if and only if n > 1, and consequently for 1 € [0,1/2] we find
nin == + (1 —n)ln —= ife<l—n
5max,L,L10gist (57 77) = { T ( ) !
00 else.

In order to investigate whether Liggist is L-calibrated with respect to Qy let us now find a simple lower
bound of the above calibration function. To this end let h(n) :=nln # Then its derivative satisfies

J+—— < ———+—— =0,
n+e n+e mn4e

h'(n) = In U :ln(lf

n+e mn+e n+e

and hence we find nln - > > 1 1+25 for all n € [0,1/2], € > 0. Analogously, we obtain (1 — 7)ln 1i;ﬁ£ >

In L, for n €[0,1/2], € € [0,1 — ). Both estimates together then yield

1 1 1 )

5max,L,L10g;st (5 77) 2 In 142 +In 1—¢ €

for all n € [0,1/2], € € [0,1 —n). From this we easily can conclude that Liogis; is uniformly L-calibrated with
respect Qy With Omax, L, Ly, (€, Qy) = €2 for all € > 0. If we now consider the squared version L? of L then
we obviously have dmax, 2, Lios: (65 Q) = Omax, L, Liogiee (VE; Qv) > € for all € > 0. For measurable f: X — R
Theorem 2.13 consequently gives

(/ ‘77 1+e T4 o f@ Py ) \/Rlegmtv = Rltogise, P

i.e. the we can assess the quality of the estimate Helifw) in terms of the ||.||2-norm.

4.2 Cost-sensitive Binary Classification

In this section we investigate surrogate loss functions for a simple class of cost-sensitive binary
classification problems (see [10] for a definition of general cost-sensitive binary classification). Unlike
in standard binary classification, in the considered cost-sensitive binary classification scenario the
two types of errors are assigned different costs. To make this precise, let & € (0, 1) be a real number,
Y :={—1,1}. Then our target loss is the supervised loss function L,-class : ¥ X R — [0, 00) defined
by
l—a ify=1landt <0
Lo-class(y, 1) i =} « ify=—1landt>0 (37)

0 otherwise.
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Obviously La-class is a supervised loss function and we have 2L = L¢lass- As in the standard
2

-class
case we begin with computing the calibration function.

Lemma 4.6 Let L: Y xR — [0,00) be a supervised loss function. Then for all a € (0,1), n € [0, 1]
and all € > 0 we have

o0 7;f‘€>|77_04|7

inftER:(n—a) sign t<0 CL,n(t) - sz if € < |77 - Oé’.

Omax(g,m) = {

Proof: A simple calculation shows Cr,_ . () —=C; = ‘n - a| “1(—oo0)((n — a)signt), and
thus the assertion follows as in the proof of Lemma 4.1. [ |

Using a weighted version of the standard binary classification loss is a somewhat old idea in
machine learning (see e.g. [10]). In the following we will focus on the question whether weighted
versions of margin-based losses can serve as a surrogate for the cost-sensitive loss defined by (37).
To this end let L be a margin-based loss function with corresponding function ¢ : R — [0, 00). For
a € (0,1) we define the a-weighted version Lo of L by

1- t) ify=1
La(y,t) := (=)l LY teR.
ap(—t) if y=-1,
Moreover, when considering these weighted versions, we frequently use the quantities
l-«o
wa(n) == (1= a)n+a(l —n) and Do) == (1= a)n

(1—=a)n+a(l—mn)

which are defined for all n € [0,1]. Now we can characterize when weighted versions of margin
based loss functions are L,-cass-calibrated.

Theorem 4.7 For a margin-based loss L and o € (0,1) the following statements are equivalent:
i) Le, is uniformly Lg-class-calibrated with respect to Qy .
i1) L 18 Lo-class-calibrated with respect to Qy .
i11) L is classification calibrated.
iv) The function H, : [0,1] — [0,00) defined by

Ho(n):= inf  Cr.,(t)—C; ., 0,1],
) tER:(i]Iia)tSO Lan(t) = CLay n € [0,1]

satisfies Ho(n) > 0 for all n € [0, 1] with n # «.

Furthermore, if one of the statements is true and H is defined by (35) then we have
Ha(n) = wa(n)H(ﬁa(n)) . (38)

Proof: Some easy calculations show 29, (n) — 1 = y and In — a <1294(n) — 1]. Now

n—oa
(I—a)n+a(l-n
let dmax(e,m) be defined with respect to Lgjass and L, and dmax,o(€,n) be defined with respect to

La-class and Ly. Then for e < |n — «| our preliminary considerations yield

5maX,a(5> n) = ;gﬁg CLaﬂ'](t) - CZM = wa(n) %2]12 CL,ﬁa(n) (t) — CZ,ﬁa(n)
(n—a) signt<0 (204(n)—1) signt<0

= wa(1)dmax (&, 9a(n)) .
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Name of loss function H(n) Hq(n) 65 (e)

Hinge loss |2n — 1] In — «of €
Truncated least squares (2n —1)2 % W—is(l—&x)
Least squares (2n —1)? % Wjdl—m)
Exponential loss 1—2v/n(1—n) | a+n—2an+240y/n(1—n) | 24A0(Ao—A:)+e(2a—1)
Sigmoid loss |2n — 1| In — «of €

Table 2: The functions H, H, and §%* for some common margin-based losses. For the exponential loss we
used the abbreviation A. := /(a —¢)(1 —a +¢), € > 0. Furthermore we omitted the logistic loss because
the corresponding formulas a too long to fit into the table. Note that for the hinge loss and the sigmoid loss
the function §%* is actually independent of a.

From this we immediately obtain the equivalence of ii) and iii). Furthermore, i) = i) is trivial,
and 4i7) = ) follows from dmax,a(€,1) = Wa(N)dmax(€, Va(n)) > min{e, 1 — a}dmax(e, ¥a(n)) and
Theorem 4.3. Now, if L is classification calibrated, i) of Theorem 4.3 yields

CLan(0) = wa(n) Cry. ) (0) > wa(n) CLy, ) = CLom

and hence Lemma 4.6 together with i) implies Hy(n) > 0 for all n # «. Conversely, if iv)
holds then we have Omax,a(€,n) > Ha(n) > 0 for n # a and 0 < ¢ < |np — af, and hence L,
is Lcjass-calibrated with respect to Qy. Finally the proof of (38) is analogous to the proof of
6max,a(57 77) = wa(n)(smax(g? 1901(77)) u

Remark 4.8 The above results can be used to obtain inequalities between the excess risks of Ly-class and
a-weighted versions of margin-based, classification calibrated loss functions. In order to find such inequalities
let us write

fole) = il Haln),
[n—al>e

where amax := max{a,1 — a} and ¢ € [0, amax]. For € € [0, dmax] Lemma 4.6 then yields

inf Omax(e,Q) = inf inf  Cp..(t)—Ci . > inf Ha(n),
o (6,Q) ,ouf inf Lam(t) =CL. = ,ouf (1)
|In—a|>e (n—a)signt<0 [n—a|>e

and consequently we have
52* (5) < (;rtl*ax(gv QY) .

Moreover, it is obvious that for continuous L we even have equality in the above formula. Furthermore, for
some loss functions we already know H (n), n € [0, 1], and hence the computation of §%*(¢) is straightforward.
The corresponding results are summarized in Table 2.

Up to now we have only considered a-weighted versions of classification calibrated loss functions
to get La-class-calibrated loss functions. We finally show that this is in some sense the only choice:

Proposition 4.9 Let a, 3 € (0,1), L be a margin-based classification calibrated loss function, and
Lg be its B-weighted version. Then Lg is Ly-class-calibrated if and only if B = a.
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Proof: We have already seen L, is Lq-class-calibrated, and therefore let us now assume a # (.
Without loss of generality we only consider the case > «a. Then for a fixed n € («, 3) an easy
computation shows J4(n) < 3, and hence for € > 0 with ¢ < [ — a| we obtain

5max(€> 77) = (nfa)irslifg‘ntSOCLam(t) - CLa,n = wﬁ(n) %Eg CL,ﬁg(n) (t) — ML) (39)
Furthermore, since L is classification calibrated we have infi>o Cr, 9, (t) — CJ 9o > 0, and since
inteR CL7195(77) (t) - Czﬂ%(n) = 0 we find inft<0 CL,ﬂﬁ(n) (t) - Cz,ﬁg(n) = 0. Together with (39) this
shows that Lg is not L,-class-calibrated. |

Remark 4.10 Note that the above proposition in particular shows that an a-weighted version of a classifica-
tion calibrated margin-based loss function is classification calibrated (in the sense of the previous subsection)

if and only if o = % In other words, changing the weights produces a loss function which is not classification

calibrated, and hence this often used heuristic for unbalanced datasets may lead to systematical errors.

4.3 Regression

In this subsection we investigate the use of surrogate loss functions for regression problems. Recall,
that the general goal in regression is to predict real-valued outputs, i.e. the label space Y is either
the entire real line R or an interval. The most commonly used loss function for regression is the
least squares loss Lisquares defined by Lisquares(¥,t) == (y — t)2. However, this loss is known to be
sensitive against outliers, and hence one of our goals is to identify Lisquares-calibrated loss functions.
Furthermore, we investigate the problem of finding the mean for symmetric noise distributions and
discuss self-calibration for a class of loss functions often employed in regression problems. Let us
begin by introducing this type of loss functions:

Definition 4.11 Let L : R x R — [0,00) be a supervised loss function. We say that L is:
i) distance-based if there is a :R — [0, 00) with 1(0) = 0 and L(y,t) = ¢ (y—t) for ally,t € R.
i1) symmetric if L is distance-based and its associated 1 satisfies ¥ (r) = p(—r) for all r € R.

Obviously, the least squares loss, and more general, the L,-loss functions, p > 0, defined by
|y — t|P are symmetric. Moreover the logistic loss for regression, Huber’s loss and the e-insensitive
loss are further examples of symmetric loss functions (see also Table 3).

The following definition introduces some important notions for distance-based loss functions:

Definition 4.12 Letp > 0 and L : RxR — [0, 00) be a distance-based loss function with associated
P : R —[0,00). We say that L is:

i) (strictly, uniformly) convex if 1 is (strictly, uniformly) convez.
it) of growth type p if there are c1,co > 0 with c17P < 1(r) < cor? for all sufficiently large r.
i11) locally Lipschitz continuous if for all a > 0 the restriction Y[~ a,a) 18 Lipschitz continuous.

For our analysis we also need some notions related to distributions on R. To this end let ) be a
distribution on Y := R with finite first moment, i.e. |Q|1 := Ey~g|y| < co. Then the mean of @ is

EQ = /Y Y Q).
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We call Q) symmetric around some center ¢ € R, if Q(c+A) = Q(c—A) for all measurable A C [0, 00).
It is not hard to see that the mean EQ is the only center whenever |Q|; < co. Furthermore we say
that @ is symmetric if it is symmetric around some ¢ € R. Obviously, @ is symmetric around c if
and only if its centered version Q\© defined by Q(©(A) := Q(c+ A), A C R measurable, is centered
around 0. In the following we denote the set of distributions with first finite moment by Og, and
the set of distributions with support contained in the bounded interval I by Q;. Moreover, we write

Obounded = U Q[—M,M]7

M>0

for the set of distributions with bounded support. Clearly we have O; C Opounded C 9r for
all bounded intervals I, and if L is a continuous, distance-based loss function we actually have
Qbounded C 9Qr(L). Moreover, we denote the set of all symmetric distributions with first finite
moment by Qgyr,. Finally, the sets Qj gy for I C R being bounded interval, and Qpounded,sym are
defined in the obvious way.

Our first goal is to identify distance-based, Lisquares-calibrated loss functions L. To this end recall

MLlsquarest (0+) = {EQ}

for all @ € Q(Lisquares), and consequently, if L is a Ljsquares-calibrated loss function then we must
have My, o(0%) C {EQ} for all Q € Q(L). This observation motivates the following two proposi-
tions in which we investigate the sets My, o(07) for distance-based loss functions.

Proposition 4.13 Let L be a convex, distance-based loss function whose associated v satisfies
lim, 400 ¥(1) = 00, and let Q € Qg with Cr, (t) < oo for allt € R. Then My, (0") is a compact,
non-empty interval. Moreover, if 1 is strictly convex then My, o(07) contains exactly one element.

Proof: Our first goal is to show that lim; .45 Cr o(t) = oo. To this end let (¢,) C R be a
sequence with ¢, — —oo, and B > 0. Since lim, .1 % (r) = oo there then exists an rog > 0
such that ¢(r) > 2B for all » € R with |r| > r¢. Since Q(R) = 1 there is also an M > 0 with
Q([-M, M]) > 1/2. Finally, there exists an ng > 1 with ¢, < —M — ro for all n > ng. For
y € [—M, M] this yields y — t,, > ro, and hence we find ¢(y — t,,) > 2B for all n > ng. From this
we easily find
Crolts) = [ w(y—t.)dQly) = 2BQ(I-M, 1)) = B,
[(—M,M]

i.e. we have shown Cy, (t,,) — 0o. Analogously we can show lim;_. Cr, o (t) = 0o, and consequently
we have limy_, 4+, Cr, g(t) = oo. Furthermore, the convexity of ¢ implies that ¢ — Cr, o(t) is convex
and hence it is continuous by the assumption Cr, g(t) < oo, t € R. Now the assertions follow. W

Note that for distributions @ € Qpounded We automatically have Cr g(t) < oo for all t € R.
Furthermore, if L is of some growth type p then we have Cpg(t) < oo for all ¢ € R and all
Q € Or(L). Consequently, the above proposition gives My, o(0") # 0 in both cases.

The following proposition compares My, o(0") with the mean EQ. Note that a similar result
was independently found by A. Caponnetto in [6].

Proposition 4.14 Let M > 0, and L be a distance-based, locally Lipschitz continuous loss function
with associated 1. Then we have:

i) IfEQ € Mpq(0%) for all Q € Qs n)sym, then L is symmetric.
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i) IfEQ € My g(0%) for all Q € Qvounded, then there exists a constant ¢ > 0 with L = ¢ Lisquares-

Proof: Recall that the fundamental theorem of calculus for Lebesgue integrals shows that the
derivative 1’ is (Lebesgue)-almost surely defined and integrable on every bounded interval.

i). Let us fix ay € [—M, M| such that v is differentiable at y and —y. We define Q) := %(5{_y}+%5{y}.
Then we have @ € Qqym with EQ = 0, and Cr, o(t) = 3¢(—y—t)+1¢(y—t). Therefore the derivative
of Crq(.) exists at 0 and can be computed by C (0) = —3¢'(—y) — 3¢/(y). Furthermore, our
assumption shows that Cr, g(.) has a minimum at 0, and hence we have 0 = C/L’Q(O), Le. ¢/(—y) =
—1'(y). According to our preliminary remark, this equality holds for almost all y, and thus the

fundamental theorem of calculus for Lebesgue integrals shows that for all o € R we have

Yo Yo 0
¥(yo) = 1(0) + ; P (t)dt = ¢(0) — ; P(—t)dt =(0) — [ ¥/(t)dt =P(—yo).
—Yo
i7). Let y # 0 and a > 0 be real numbers such that ¢ is differentiable at y, —y, and ay. We define

Q = 135010y —l—lJ%aé{(Ha)y}, so that we obtain EQ =y and Cr g(t) = 135 (—t)—&—p%ai/)(y—{—ay—t)
for all t € R. This shows that the derivative of Cr, g(.) exists at y and can be computed by

« 1

« . / .

_1 + o ¢/(O‘y) )

C/L,Q(y) =

V(-y) - ()

where in the last step we used 7). Again, our assumption y € My, o(07) gives C’L,Q(y) =0 and
hence we find a1’ (y) = ¢'(ay). Obviously, the latter holds for almost all &« > 0 and thus we obtain

! / ! / w/(y) 2
Y(ty) = 4(0) + ; Y (sy)yds = ; s (y)yds = 2 (ty)
for all t > 0. From this we easily obtain the assertion. |

The above proposition shows that there are only trivial distance-based surrogates for the least
squares loss if one is interested in the entire class Q(Lisquares) = {@ € Or : Eyqy? < oo}
Furthermore, it shows that the least squares loss is essentially the only distance-based loss function
whose minimizer is the mean for all distributions in Q(Lisquares), i-€. if we are actually interested in
finding the regression function z — Ep(Y|z), and we just know EprXEyNP(.‘w)yQ < 00, then the
least squares loss is the only distance-based loss for this task® However, if we cannot ensure this
tail assumption but know that the conditional distributions P(.|x) are symmetric then the above
proposition suggests that we may actually have alternatives to the least squares loss. In order to
investigate this conjecture systematically we first need a target loss function that describes the goal
of finding the mean. To this end let us consider the template loss Lpean : Qr X R — [0, 00) defined
by

Lmean(Q7t) = |EQ_t|7 tER’QGQR-

Note that this indeed defines a template loss since given a distribution P on X x R of Ogr-type it
is easy to see that (z,t) — Lyean(P(.|z),t) = |[Ep(Y|x) — t| is measurable. Moreover we have

L?nean(Q? t) = (EQ - t)2 = CLISC{U&YBSvQ (t) - Czlsquarest

3The result in [6] shows that any convez loss function L : R x R — [0, 00) satisfying EQ € My g(0T) for all
Q € Qboundea must be of the form L(y,t) = c¢- (y — t)> + h(y), (y,t) € R?, where h : R — R is a suitable function.
Consequently, other loss functions (e.g. Bregman divergences) for estimating the mean cannot be convex and hence
may lead to algorithmic problems. Whether such problems can be resolved by estimating a suitable transform of
the mean is, as far as we know, open, and because of space constraints we do not further investigate this highly
interesting question.
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for all @ € Q(Lisquares) and t € R. Since the minimal Lycan-risks equal 0, i.e. szeanaQ =0, we
consequently have My, .. o(ve) = ML ..e..@(€) for all € > 0, and from this we obtain

6maX,LmeanaL(\/g7 Q) - 5maX1LlsquaresaL (67 Q) (40)

for all distance-based losses L, all @ € Q(Lisquares) N Q(L), and all € € [0,00]. In other words,
by considering Lyean-calibration we simultaneously obtain results on Lisquares-calibration. Further-

more, if t — Cr, o(t) has a unique minimum at EQ then we obviously have Lycan(Q,t) = L(Q,1)
for all ¢t € R, and consequently we obtain

5maX7Lmean7L(€7 Q) = 6max7L7L(E7 Q) I €€ [07 OO] (41)

In other words, by considering L,ean-calibration of L we will also gain some insight into the self-
calibration properties of L.

Now, the following key lemma presents an alternative way to compute the inner risks Cr ¢(.)
when both L and @) are symmetric:

Lemma 4.15 Let L be a symmetric loss function with associated v, and Q € Qsym(L). Fort € R
we then have

CLa(BQ+1) =CroEQ—1) = 5 [ (Wy—BQ-0)+0ly~EQ+0)dQ). (42

In addition, if L is conver we have Cr,o(EQ) = ClL.g: and if L is actually strictly convex we also
have Cp(EQ +t) > C] o for allt # 0.

Proof: Let us fix a Q € Qsym(L) and write m := EQ. The symmetry of Q™ and ¢ then yields
Cro(m+1) = /¢ (y—)dQ™ (y /w y —1)dQ™ /¢y+tdQ(m() Cro(m —1).

Since this gives Cro(m +t) = 2(Cro(m +t) + Cro(m — t)) we also obtain the second equation.
Furthermore, if ¢ is convex we can easily conclude

Cuglm+t) =5 [ (W=0) + 6+ 0)d2"™ ) > [ 0()dQ™ ) = CLalm)

for all ¢t € R. This shows the second assertion. The third assertion can be shown analogously. M

With the help of the above lemma we can derive a simple formula for the calibration function
Omax, Limean, L (&, @) 1f L is convex:

Lemma 4.16 Let L be a symmetric, convex loss function and Q € Qsym(L). Then we have

i Lo (6 @) = CL.Q(BQ + &) — Ci ->0. (43)
In particular, € = dmax, Liean,L(€, Q) is convez.
Proof: Obviously, we have My o(e) = (EQ — ¢, EQ + ¢€). Since this set is open, it is easy to

see that the continuity assumption in Lemma 4.15 is superfluous and hence the assertion follows
by Lemma 2.11 and Lemma 4.15. |
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Our next result is a rather technical lemma which will be used at various times to establish upper
bounds on dmax (e, Q). For its formulation we need the set

Qi = {Q € Qsym : Q(EQ + (—p,p)) > 0 for all p > 0}

which contains all symmetric distributions that do not vanish around their means. Moreover,
we also need the sets Q?Sym = QrnN Q’S“ym for I being a bounded interval, and Qlﬁounded,sym =
Obounded N Qgym- Now the result reads as follows:

Lemma 4.17 Let L be a symmetric, continuous loss function with associated . Assume that there
exist 0g € R, s1,82 € R, s1 # s9 and an g9 > 0 such that for all € € [0,e0] we have

¢(81+6)+¢(82+5)_1/1<81+82+5)S(SO- (44)
2 2
Then for M := |¥| 4+ g9 and all § > 0 there exists a Lebesque-absolutely continuous @ €

YR oym (L) with BQ = 0 such that for t := #25> we have

Cro(t) —Crq(0) <dp+46.

Furthermore, there exists a Lebesgue-absolutely continuous Q € Qs a1 sym (L) with EQ =0 and

Cr(t) = Crq(0) < do.
Proof: We write yg := % Furthermore, if yo = 0 we let () be the uniform distribution u_. oo
on [—ep,¢ep]. Otherwise, we define

-« l-«a
Q= app sy sy + 5 H-yo—zo,—v0] T 5 Hlyovoteo]

where o € (0, 1) is a real number satisfying

Yy —1t) +9y+1)
2

sup
ye[_lyTOMyTO”

—o)| < 2.

Now, in the case gy # 0 this construction yields EQ = 0 and

Crolt) ~Cuo0) = [ PEITEUED yaqq)

Yy —t) +yy+t)

= —Y(y) duy_ v %

a/[|y20|7y20] 2 (v) - 0,14 ”(y)
+(1 - a) / w(y — t) ;dj(y * t) - 1/1(11) d:“’[yo,yo-i-ao] (y)
[yo,y0+€0]
+e) +P(s2 + +
< 0+ (1—-a) oo Y(s1+¢€) ; Y(sy +€) _ w(sl2782 + 5> dpijo,0] (€)
< §p+9.

Furthermore, the case yo = 0 can be shown analogously, and the last assertion follows if we repeat
the above construction with o = 0. |

With the above preparations we can finally establish our first main result that characterizes loss
functions L that are Lpyean-calibrated with respect to QF  (L):

Sym
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Theorem 4.18 Let L be a symmetric, continuous loss function. Then the following statements
are equivalent:

i) L is Lmean-calibrated with respect to Q% (L).

i1) L is convex and its associated function v has its only minimum at 0.
Proof: ii) = i). Assume that L is not Lyean-calibrated with respect to Qbym( ). By Lemma 4.16

there then exist a @ € Qf,(L) and a t # 0 with Cp g(m +1) = C] 5, where m := EQ. Using
Cro(m) = C} g which we know from Lemma 4.15, then yields

Yy —t)+ Py +1)
2

—P(y) dQ"™(y) = CLq(m +t) — Cro(m) =0,

and hence the convexity of ¢ shows 2¥=7"= t)+¢(y mt) _ ¥(y —m) = 0 for Q-almost all y € R.

The continuity of ¢ and the assumption Q(m + (—p, ,0)) > 0 for all p > 0, then guarantee that
Yy—m— t);rw(y m+t)

— 1 (y —m) = 0 holds for y := m. However, by the symmetry of ¢ this implies
¥ (t) = ¢ (0) which violates our assumption on .

i) = di). Assume that v is not convex. Then Lemma A.1 shows that there exist s1,s92 € R with
w —p(2522) < 0. With the continuity of 1) we then find (44) for some suitable §y < 0 and
gg > 0, and consequently Lemma 4.17 gives a @) € Q[_M7M]7sym( ) and a t # 0 with EQ = 0 and
Cr,o(t) < Cr(0). Now observe that since 9 is continuous and @ has bounded support, the map
t— Cr(?) is continuous on R. Let (t,) C R be a sequence with Cr, o(tn) — Cj , for n — co. Now,
our previous considerations showed Cr, (0) # C} o and hence (,) is eventually bounded away from
0, i.e. there exist an ¢ > 0 and an ng € N such that |¢,| > € for all n > ng. This gives

ux(e.Q) = inf_Crolt) ~Cig < Crolta) ~Cho.

for all n > ng. For n — oo we hence find dpax(e, Q) = 0, and consequently L is convex. Finally,
assume that there exists a ¢ # 0 with ¢(t) = ¢(0). Then we find Cr, g(t) = C] , for the distribution
@ defined by Q({0}) = 1, and hence we obtain dmax(t,Q) = 0 by Lemma 4.16. [ |

The following theorem considers calibration with respect to the larger class Qgym:

Theorem 4.19 Let L be a symmetric, continuous loss function. Then the following statements
are equivalent:

i) L is Liean-calibrated with respect to Qsym(L).

it) L is strictly convex.

Proof: If L is strictly convex then Lemma 4.15 and Lemma 4.16 show that L is Lyean-calibrated
with respect to Qgym(L). Conversely, if L is Lcan-calibrated with respect to Qgym (L), then Theo-
rem 4.18 shows that L is convex. Let us suppose that its associated ¢ : R — [0, 00) is not strictly
convex. Then there exists r1,ry € R with rq # 9 and

w<%7”1 + %7”2) = %¢(T1) + %1#(?“2) .

From this and Lemma A.1 we easily find (44) for §p = 0 and some suitable s; # s2 and g9 > 0.
Lemma 4.17 then gives a tg # 0 and a Q € Q1 msym(L) With Cr o(EQ +to) = C} , and hence
Lemma 4.16 shows that L is not Lycan-calibrated with respect to Qgym(L). [ ]
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Our next aim is to estimate the function € — dpmax(e, Q) for some classes Q C Qgym. To this end
we define the modulus of convezity of a function f : I — R, where I is an interval, by

5p(c) = inf{f(xl) ; flez) f(x1 ;m

):xl,xQGIWith|x1—x225}, e>0.

In addition we say that f is uniformly convex if d;(e) > 0 for all ¢ > 0. Some properties of the
modulus of convexity and uniformly convex functions can be found in Appendix.

With the help of the modulus of convexity we can now formulate the following theorem that
estimates dmax(€, Q) and characterizes uniform calibration:

Theorem 4.20 Let L be a symmetric, convex loss function with associated . Then we have:

i) For all M >0, e >0, and all Q with QF—MMLSym cQcC Q[—M,M],sym we have

5¢\[—(2M+6),2M+E](2€) < 5max(€’ Q> < 61/1\[—M/2,M/2](2€) . (45)
Consequently, the following statements are equivalent:
(a) L is uniformly Lyean-calibrated with respect to QF—M,M},sym for all M > 0.
(b) L is uniformly Lmean-calibrated with respect to Q|_ns ar)sym for all M > 0.

(c) The function v is strictly convez.
it) For all € > 0 we have
0y(2) = Omax(&; Qsym (L)) = Omax (€, Lhounded,sym (L)) - (46)
Consequently, the following statements are equivalent:

(a) L is uniformly Liean-calibrated with respect to Qgsym(L).
(b) L is uniformly Lmean-calibrated with respect to QF . 1ded sym (L)

(¢) The function 1) is uniformly convex.

Proof: i). For Q € Q|_p psym We have EQ € [-M, M], and hence we find

5max(a,Q):/ V(y —EQ —¢) +(y —EQ +¢)

[—M,M] 2

—¢(y — EQ) dQ(y) > 6¢|[—(2M+g),2M+g] (2€)

by Lemma 4.15 and Lemma 4.16. This shows the first inequality. To prove the second inequality
let n > 1. Then there exist s1,s9 € [-M/2, M /2] with s; — s3 > 2¢ and

1
Pls1) —;—1/1(52) - ¢<Sl ; 82> <O nrjanayz (26) + no %-

By the continuity of ¢ there thus exists an g € (0, M] such that (44) is satisfied for 0y, and
consequently Lemma 4.17 gives a @) € Qr_ M, M) with EQ = 0 and with

sym

2
CL,Q(t) - CZ,Q < 51/1\[_M/2,M/2] (2¢) + n

for t := #1532, Since t > ¢ we also have dmax(e, Q) < Cp(t) — C o, and hence we find

. 2
5max(5> Q[fM,M],sym) S 5max(5> Q) S 5¢|[—M/2,M/2] (26) + ﬁ
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Loss function (1) lower bound of (51/,”_373] upper bound of 5¢”_B,B]
L;-loss |t] 0 0
—1) pp_ p —2.2
Ly-loss, p € (1,2) |t|P %Bp 2¢2 WBP €
P D
Ly-loss, p € [2,00) t[P (5) (5)
.. 4et e/2_ B 5 e/2_ B 5
Logistic loss —In (14:2’5)2 e2e6/21 1 e%J:;g/? e 'l e%;;(si/z
t2 . 2 . 2 .
= < = < = <
Huber’s loss, ¢>0 2 2 if ft]<e s ifB=<c g fB=c
ct| =% else 0 else 0 else

Table 3: Some invariant loss functions and corresponding upper and lower bounds of Oy _p.p (), 0 <e < B,
for the restriction ¢j_p g of ¥ to [-B, B], for B > 0. The asymptotic behaviour for the L,-loss, 1 < p < 2,
is computed in Example A.4. For the Ly,-loss, p > 2, and Huber’s loss the lower bounds can be found by
Clarkson’s inequality, and the upper bounds were found by finding suitable x1, 2z € [B, B]. The calculations
for the logistic loss can be found in Example A.5.

Since this holds for all n > 1 the second inequality follows. Finally, Lemma A.1 shows that 1 is
strictly convex if and only if 51/)‘[_ B.5] () > 0 for all B,e > 0, and hence the characterization follows.
ii). Analogously to the proof of the first inequality in (45) we find d,(2¢) < dmax(€, Qsym (L)) for all
e > 0. Furthermore by the second inequality in (45) we obtain dmax(€; Qounded sym (L)) < 9y (2¢)
for all € > 0, and hence (46) is proved. Finally, the characterization is a consequence of (46). M

Remark 4.21 The above theorem shows that the modulus of convexity completely determines whether a
loss function is uniformly Lyean-calibrated with respect Qsym (L) or QF ,unded sym(L)- Unfortunately, Lemma
A 3 shows that for all distance-based loss functions of growth type p < 2 we have () = 0 for all e > 0.
In particular, Lipschitz continuous, distance-based losses which are of special interest for robust regression
methods (see e.g. [8]) are not uniformly calibrated with respect to Qsym(L) or QO 1ded sym (L), and con-
sequently we cannot establish strong relations between the excess L-risks and Ry, .. p(.) in the sense of
Question 2.

On the other hand, note that symmetric, strictly convex losses L are Ljean-calibrated with respect to
Qsym (L), and hence we can show analogously to Theorem 3.16 that f, — E(Y|.) in probability, whenever
Rer,p(fn) = Ri p and P is of type Qsym(L). In addition, if we restrict our considerations to Q[ s a1 sym OF
QEL M, M],sym then every strictly convex loss becomes uniformly L,can-calibrated, and in this case 6,#“7 5.5 ()
B > 0, can be used to describe the corresponding calibration function. For some important losses we have
listed the behaviour of 6, . (.) in Table 3. Furthermore, Lemma A.3 establishes a formula for the modulus
of convexity which often helps to bound the modulus.

In Theorem 4.18 we have seen that for Q € Q%,,,(L) we may have dmax (e, Q) > 0, € > 0, even if
L is not strictly convex. The key reason for this possibility was the assumption that () has some
mass around its center. Now recall that in the proof of the upper bounds of Theorem 4.20 we used
the fact that for general () € Qg,, this mass can be arbitrarily small. However, if we enforce lower
bounds on this mass the construction of this proof no longer works. Instead, it turns out that we

can establish lower bounds on dyax(e, @) as the following example illustrates:

Example 4.22 Let L be the distance-based loss function whose associated ) is 9 (t) = [¢[, t € R. Then for
all @ € Qgym(L), m :=EQ, and all € > 0 we have

buns(1Q) = [ QU((-s.9)ds.
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To see this we first observe that for ¢ > 0 and y € R an easy calculation shows

t ify <0
Yy —t)—Py)=t—2y ifye(0,t)
—t ify>t.

Consequently the symmetry of Q") yields

Crom+1t)—Cigo = tQ((—o0,0]) +1tQ™((0,t)) —2 / ydQ™ (y) — tQ™ ([t, 0))

o<y<t

— QU (<t 1)) — 2 / ydQ™ (y)

0<y<t

- /0Q(m)((—t,t))—Q(m)((—t,—s]u[s,t))ds

/ Q(m)((—s, s))ds .
0

From this we easily find the assertion by Lemma 4.16.

Remark 4.23 The above results show that using distance-based loss functions for regression problems
requires some care: for example let us suppose that the primary goal of the regression problem is to find the
regression function. If we only know that the noise distributions have finite variances (and expect that these
distributions are rather asymmetric) then the least squares loss is the only reasonable distance-based choice
by Proposition 4.14. However, if we know that the noise is (almost) symmetric then e.g. symmetric, strictly
convex and Lipschitz continuous losses like the logistic loss can be a reasonable alternative. In addition, if we
are confident that the noise is rather concentrated around its mean, e.g. in the form of Q"™ ((—s, s)) > cqs?
for small s > 0, then even convex loss functions like the absolute distance loss considered in the previous
example can be a good choice. Finally, if we additionally expect that the data set contains extreme outliers
then the logistic loss or the absolute distance loss may actually be the better choice than the least squares
loss. However, recall that such a decision only makes sense under an (almost) symmetric behaviour of the
noise distribution.

When we introduced the template loss Lyean We also discussed its relation to self-calibration
issues. Therefore let us finally investigate in which sense convex, distance-based loss functions are
self-calibrated.

Theorem 4.24 Let L be a distance-based, convex loss function whose associated v satisfies
limy 400 ¥ (t) = 00. Then we have:

i) L is self-calibrated with respect to Qpounded-
it) If L is of some growth type p > 1 then L is self-calibrated with respect to Qr(L).

i) If L is strictly conver then L is uniformly self-calibrated with respect to Q_ps ap for all M > 0,
and we have

5max,[u/,L(E’ Q[—M,M]) 2 25¢|[—(2M+s),21v1+e] (8)7 € > 07 M > O (47)

i) If L is uniformly convezr then L is uniformly self-calibrated with respect to Qpounded and we
have

5max,i,L(€’ Qbounded) > 251/’(8) ) e>0. (48)
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v) If L is uniformly convex and of some growth type p > 2 then L is uniformly self-calibrated
with respect to Qr(L) and we have

Oinax 1,1 (6 Qr(L)) = 20y(e), >0, (49)

Proof: i). Proposition 4.13 shows Qpounded C Qmin(L), and hence Lemma 3.15 implies ).

i1). The results in [8] together with Proposition 4.13 show Qr(L) C Omin(L). Again, the assertion
then follows from Lemma 3.15.

ii1). Let us fix a Q € Q[_psa). By Proposition 4.13 we then know that there exists a t*Q € R with

My o(07) = {t5}, and consequently (10) reduces to

St (6, Q) = min{Cro(th — ) — Cf.g,CLo(th +¢) — Clo} - (50)

Let us now assume that t’é > M. Then we have y—ta <y—M <0forally € [-M, M]. Since 1 is
convex and has a minimum at 0 it is decreasing on (—o0c, 0] and hence we find ¥(y — M) < ¥ (y —17))
for all y € [-M, M]. This directly implies Cr,q(M) < Cr,(5), and hence our assumption tf, > M
cannot be true. Since we can analogously show t*Q > —M, we have tZ—z € [-M, M]. Moreover, for
t€[-M — e, M + €] we have

Cro(t)+Cl o / Yy — 1) +(y —t5) Q)
[~ M. M]

2 2

t+t;
Q *
/[M,M} ¢(y - T) + 5¢\[—(2A4+5),21»1+5] (|t - tQD dQ(y)

t+tr
Q
= CL,Q( 2 ) + 5¢|[—(2M+5),2M+s] (‘t - té)‘)
> CE,Q + 6w\[7(2M+s),2M+s] (|t - tZJD ’ (51)

and thus we find (47) by combining (50) with (51) and t, € [-M, M].
iv). Inequality (47) immediately implies (48).
v). The proof of Inequality (49) is analogous to the proof of (47). [ |

Remark 4.25 The above theorem shows that for convex, distance-based losses L, approximate L-risk mini-
mizers approximate the Bayes decision functions in the sense of Theorem 3.16, i.e. in probability. In particular
note that the absolute distance loss can be used to estimate the median (multi)-function in this weak sense.
Moreover, Example 4.22 together with Theorem 2.17 shows that in order to estimate the median function
in a stronger sense one needs assumptions on the concentration of the noise distributions. The reason for
this observation is the fact that for symmetric, convex losses L whose associated 1 have a unique minimum
at 0 the stronger convexity assumptions in #i)-v) are also necessary for uniform self-calibration. To see the
latter observe that for such L Theorem 4.18 shows the Lycan-calibration with respect to QZ,,(L), and from
Lemma 4.16 we may thus conclude that Cr, ¢(.) has a unique minimum at EQ for all Q € Q;kym(L). Equation
(41) then shows

6maX7LmeanvL(€? Q) = 6max,f,7L(E7 Q) ’ 2R [07 OO] aQ € Q:ym(L) (52)

Now assume e.g. that L is uniformly self-calibrated with respect to Q[_ps a7 for all M > 0. Then it is also
uniformly self-calibrated with respect to Qr_ M, M] sym’ and thus (52) shows that L is Lyean-calibrated with
respect to QE‘_ M, M],sym” By Theorem 4.20 we then see that L is strictly convex.

Remark 4.26 Inequalities for excess risks resulting from Theorem 4.24 can be used to establish variance
bounds which are important for bounding the estimation error by Talagrand’s inequality. Indeed, if e.g. L
is a strictly convex loss function then its corresponding # is locally Lipschitz continuous and hence (32) can

be used to find an “inner” version of a variance bound. This approach was somewhat implicitly taken in
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e.g. [1, 4] in order to derive variance bounds for margin-based losses, but of course it also works for distance-
based losses. However, it sometimes provides too loose bounds as e.g. the hinge loss shows. Indeed, this loss
fails to be uniformly self-calibrated not only for n — 1/2 but also for  — 0 and  — 1. In order to establish
variance bounds using the self-calibration we consequently need not only to ensure a noise assumption in
the sense of Tsybakov, but also a similar assumption ensuring that the set where 7 is either close to 0 or 1 is
small. However, the assumption for 7 close to 0 and 1 is superfluous as the variance bound established in [29,
Lemma 6.1] shows. One may ask whether variance bounds can also be directly established using our general
framework and a (template) loss which reflects the variance bounds one is interested in. Some preliminary
considerations we have already made in this directions are promising but due to space constraints we do not
go into further details.

4.4 Density Level Detection

In this subsection we show how the developed theory can be used to investigate the density level
detection problem. To this end let us first recall that in this unsupervised learning problem we have
a known probability measure p on X and the goal is to estimate a level set {g > p} or {g > p}
of an unknown function g : X — [0, 00) satisfying ||g||z,(,) = 1. The only information to achieve
this goal is given to us by a data set T := (z1,...,zy,) of n samples drawn independently from
the probability measure gu. Typically, an estimate of a level set is of the form {f > 0}, where
f: X — R is a measurable function. In order to assess the quality of such an estimate one can use
the loss function Lprp : X x R — [0, o] defined by

Lpip(z,t) == 1(—00,0)((g($) — p)sign t) ) reX, teR. (53)

Note that this loss function penalizes predictions ¢ if either ¢ > 0 and g(z) < p, or t < 0 and
g(z) > p, whereas it completely ignores t if g(z) = p. In a slight abuse of notations we now write

Rinups(F) = [ Loup (. /() dula).
where f : X — R is a measurable function. Obviously, this definition gives Ry, u(f) =
Ripp,p(f) for every Polish space Y and every distribution P on X x Y with Px = pu. More-
over note, that if we additionally assume pu({g = p}) = 0, as it is usually done in the literature?,
we obtain the better known expression

RLDLD7M(f) = N({g > p}A{f > 0}) .

Now note that unlike for the supervised loss functions we cannot compute Lprp(z,t), since g is
unknown to us, and consequently for training sets of the form T' = (z1,...,2,) € X™ we cannot use
e.g. an ERM based on Lpip simply because we cannot compute the empirical risk. To overcome
this problem a framework was developed in [28] that translates the density level detection problem
to a binary classification problem. The key idea of this framework was the following definition:

Definition 4.27 Let p be a distribution on X and Y :={—1,1}. Furthermore, let g : X — [0, o0
be a measurable function with ||g||z, ) = 1. For p > 0 we define the distribution P := g ©, p by

g+p
P = —
X 1+pM,
9(x)
Ply=1z) = —/——, e X.
( =) g(z) +p

“We could have gone this path, too. However, we will see that technically it is a bit more convenient to ignore
the set {g = p} rather than to assume that it (essentially) does not exist.
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Note that the distribution P := gu©,u describes a binary classification problem and consequently
one could ask in which way the classification risk Ry . p(.) is related to Rrp,p .(.). It turned
out in [28] that there is indeed a close relationship in between the two quantities. The goal in this
subsection is to extend the considerations of [28] using our general theory. To this end we write
Y :={—1,1} throughout this section. Furthermore, we always identify a distribution @ € Qy by
n € [0,1] via the relationship 7 := Q({1}). Now let us define Lprp : [0,1] x R — [0, 00] by

Lorp(n,t) := (1 = 1)1(—co0) ((27 — 1) signt) . (54)

Using the identification 7 = Q({1}) we can then think of Lprp as a template loss. Furthermore,
for P = gu©, p the P-instance Lprp,p of Lprp is

= . 1Y .
o1, P(2.8) = (1= 0O (20(0) ~ ) signt) = L1 ooy ((9(0) ) signt).
where n(z) := P(y = 1]z) = g(gw()?p. With this equation we then find
1+p 1+p
RLDLD7H‘(f) = /‘;( LDLD (.%'7 f(x)) g(x) + p dPX (x) = p REDLD’p,P(f) (55)

for all measurable f : X — R. Consequently, suitable supervised surrogates for the DLD-problem
are exactly the losses that are (uniformly) Lprp-calibrated. In order to identify the latter losses
let us first compute the corresponding calibration functions:

Lemma 4.28 Let L : Y x R — [0,00] be a supervised loss function. Then for all n € [0,1] and
e € (0, 00] we have
00 ife>1—n

infier.(2n-1)signt<0 CLp(t) = C1,,  ife <1—m.

5max,EDLD,L(€7n) = {
Proof: A simple calculation shows CEDLD y = 0, and consequently we obtain Mp . (¢) = R if
e>1-mn,and Mg = (¢) ={t € R:(2n— 1)signt > 0} otherwise. [ |

With the help of the above lemma we now obtain the first main result which compares classifi-
cation calibration with Lprp-calibration:

Theorem 4.29 Let L : Y x R — [0,00] be a supervised loss function, n € [0,1], and 0 < & <
min{l —n, |2n — 1|}. Then we have

5max,EDLD,L(67 n) Z 5maX7Lclasva(67 n) ’

and consequently, L is Lpyp-calibrated if L is classification calibrated. Moreover, if L is continuous
then the above inequality becomes an equality and L is classification calibrated if and only if L is
Lpi,p-calibrated.

Proof: Combining Lemma 4.1 with Lemma 4.28 yields

5max,LDLD,L (57 7]) - tlélﬂg CLJ] (t) - Cz,’ﬂ Z tléflﬂg CL777 (t) - Cz,n - 5maX7LclassaL (87 77) .
(2n—1) sign t<0 (2n—1) sign t<0
Moreover, for continuous L the assertion can be found using the continuity of ¢ — Cr, ,(t). |

36



By the results on classification calibrated, margin-based loss functions in [1] we immediately
obtain a variety of Lprp-calibrated losses. Furthermore, the P-instances of Lpr,p are bounded loss
functions and therefore Theorem 2.8 yields

RLJD(fn) - RE,P = RLDLD,M(fn) —0

whenever P = gu ©, p and L is classification calibrated. In addition, for L := Las the proof of
[28, Thm. 4] shows that the converse implication is also true.

Our next goal is to identify the uniformly Lprp-calibrated losses. The following theorem gives a
complete, though rather disappointing solution:

Theorem 4.30 (No uniform DLD calibration) There exists no supervised loss function L :
Y xR — [0, 00] that is uniformly Lpyp-calibrated with respect to both {Q € Qy : Q({1}) € [0,1/2)}
and {Q € Qy : Q({1}) € (1/2,3/4]}.

Proof: Let L:Y x R — [0, 00] be a supervised loss function. For n € [0, 1] we define
Jr _ .
Wh(n) = nfCry(t)
h=(n) = fCpy(t)

Then the functions A" : [0,1] — [0,00) and A~ : [0,1] — [0,00) can be defined by suprema taken
over affine linear functions in n € R, and since ht and h~ are also finite for € [0, 1], we see that
h* and h~ are continuous at every n € [0, 1]. Moreover, we have C7 , = min{h™(n),h™(n)} for all

n € [0,1], and hence Cj , is continuous in 7. Let us first consider the case C] 120 = ht(1/2). To
this end we first observe that there exists a sequence (t,) C (—o0,0) with

W (1/2+1/n) < Crijotime(tn) < BY(1/2+1/n) +1/n (56)
for all n > 1. Moreover, our assumption Cj ; 5, = Rt (1/2) yields

‘CL71/2+1/717$(tn) - Cz,l/Q—i—l/n,x‘
< |Criajosime(tn) — T (1/2+1/n)| 4+ |BT(1/2+1/n) — h*(1/2)] + ‘Cz,l/m - 2,1/2+1/n,z|

for all n > 1. By (56) and the continuity of A and 7+ Cj , we hence find

nILHQO‘CL,l/Hl/n,x(tn) - Cz,1/2+1/n,x‘ =0.
For Q:={Q € Qy : Q({1}) € (1/2,3/4]} Lemma 4.28, the definition A", and (56) then yield

6max,EDLD,L(5’ Q) = i(n;:% h+(77) - Cz,n < égﬁ CL,1/2+1/n,3:(tn) - Cz,1/2+1/n,x =0.
a E,l/m =
h™(1/2) we can analogously show that L is not uniformly Lprp-calibrated with respect to {@ €

Qv : Q({1}) € [0,1/2)}. u

Obviously the above theorem shows that there exists no uniformly Lpp-calibrated, supervised
loss function. Now recall that Theorem 2.17 showed that uniform calibration is necessary to estab-
lish inequalities between excess risks if essentially no assumptions on the data-generating distribu-
tion are imposed.® Together with Theorem 4.30 we consequently see that it is impossible to find

Consequently, L is not uniformly Lpyp-calibrated with respect to Q. Finally, in the case C

SFormally the result only holds for loss functions, not template losses However, it is quite straightforward to see
that the proof of Theorem 2.17 can be easily modified to establish an analogous result for instances of template losses.
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a supervised loss L : Y x R — [0, 00] and an increasing function § : [0, 00] — [0, 0o] with §(0) =0
and d(¢) > 0, € > 0, such that

5(RLDLD7P«(f)) < 7zL,P(f) - R*LJD (57)

holds for all p, g, p, f, and P := gu ©, p. However, in the DLD learning scenario we actually
know p and p and hence the question remains whether for certain fized p and p there exists a
non-trivial function § satisfying (57). In order to answer this question (negatively) we need the
following elementary lemma:

Lemma 4.31 Let n € [0,1) and p > 0. Furthermore, let X be a measurable space and p be a
distribution on X such that there exists measurable A C X with 0 < u(A) < min{1, 177_777} Then
g: X —[0,00) defined by

onp . 1 —n—npu(A)
(@) @+ T )

)1X\A(33) (58)
is a density, i.e. ||gllz, ) = 1.

Proof: Since p(A) < % we have 1 —n —npp(A) > 0 and hence we actually have g(z) > 0 for all
x € X. Moreover, an easy calculation shows

o np 1 —n —npu(A) _
Jotn = 3+ ) = 1

With the help of the above lemma we can now show that there exists no non-trivial function §
satisfying (57) even if we fix p and p:

Theorem 4.32 (No general DLD calibration inequality) Let X be a measurable space and
w be a distribution on X such that for all v € [0, 1] there exists a measurable A C X with u(A) = r.
Furthermore let p >0, Y :={—1,1}, and L : Y X R — [0,00) be a supervised loss function. Then
there exists no increasing function ¢ : [0,00] — [0, 00] with 6(0) = 0 and d(e) > 0 for e > 0 such
that for all measurable g : X — [0,00) with ||g||z,(u) = 1 and all measurable f : X — R we have

6(RLDLD7H(.]E>) < RL,P(f) _RZP’

where P := gu S, p and LpLp(x,t) := 1(_o ) ((g(x) — p)signt) for z € X and t € R.

Proof: Theorem 4.30 shows that L is not uniformly Lpip-calibrated with respect to both {Q €
Qy : Q({1}) € 10,1/2)} and {Q € Qy : Q({1}) € (1/2,3/4]}. For brevity’s sake we only consider
the case where L is not uniformly Lppp-calibrated with respect to {Q € Qy : Q({1}) € [0,1/2)}.
Let us now assume that there exists a function J in the sense of the theorem. We define 5(5) =

(5(1%%), e > 0. By (55) we then have

0(Ripp pp(f) < Rep(f)—Rip (59)

for all measurable f : X — R and all P in the above sense. Let us fix an n € [0,1). By Lemma
4.31 there then exists a density g : X — [0, 00) with

u({xEX:n:g(igg:)_p})>O. (60)
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We define P := guu ©, . Then (59) together with Theorem 3.3 and Px = %u shows

,u({:c € X t Snax, Lowp p.L (6 P([T), 2) = 0}) =0, e > 0.

Now recall that the calibration function for a P-instance of a template loss can be calculated by
(28). In our case this formula yields

) e, P(|z),z) =0 e, P(.|z)), e>0,zeX.

maX,LDLD,p,L( max,EDLD,L(

Identifying P(.|x) with P(y = 1|z) = g(gx()xlp and using (60) we then obtain 6., 7. (¢,m) >0
for all € > 0. Since Lemma 4.28 shows that the latter also holds for n = 1 we have shown that L is
Lpip-calibrated.

Let us now fix a measurable subset A C X with u(A) = %min{l, %} Furthermore, for a fixed
n € [0,1/2) we have u(A) < % < 177_77’ and hence g defined by (58) is a density. Again we write
P := g1, u, and in addition we fix an € > 0 with ¢ <1 —n. Since L is DLD calibrated there then
exists a 6 € (0,¢) such that

~

CL’ﬁ’z(S) < Cz’ﬁvx + 5 = CEDLDJALI(S) < 67

where 7 := P(y = 1|z) = g(‘g)ﬁp for some z € X \ A. In Aaddition, L(y,t) < oo implies Cj , , < o0
and hence there exists an s € R with Cr, 5 .(s) < Czﬁ,x + . Moreover, since € < 1 — 7 the definition

of Lpr,p shows that this s actually satisfies C EDLD,ﬁ,x(S) = 0. For arbitrary t € R we now define

f= tlA"'S]-X\Ao

Since P(y = 1jz) = gfx()ﬁp =1 for x € A our construction then yields

Rip(f) = Rip < w(A)(Cry(t) = Ci,) + (1 — u(A))d < Cry(t) —Ci, +e

and
REDLD,PyP(f) = ,u(A) CEDLDW (t) =6 (CI/DLD’W(t) - CEDLDM) ’
where ¢, := 1 min{1, %} Combining these estimates with (59) we find

0(co (Copppm() — CEDLM)) < Cryt)—Ci,+e

for all n € LO, 1/2), e > 0, and t € R. From the latter and Lemma 2.9 it is easy to conclude that L

uniformly Lpy,p-calibrated with respect to {Q € Qy : Q({1}) € [0,1/2)}. However, this contradicts
our initial assumption. [ ]

Recall that the key idea of the proof of Theorem 4.30 was to choose 7 arbitrarily close to 1/2. By
finding densities g that are close to the critical level p on a sufficiently large set this idea was then
used to prove Theorem 4.32. On the other hand if we only consider densities g that are bounded
away from the level p then the corresponding n(x) = g(gx()xlp, r € X, is bounded away from the
critical level 1/2, and thus the arguments of Theorem 4.30 and Theorem 4.32 do not work. This
observation has been implicitly used for the inequalities established in [28, Thm. 10]. Moreover,
using Theorem 3.9 we can actually improve these inequalities slightly. Due to space constraints we

only mention the result and omit the proof:
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Theorem 4.33 (DLD calibration inequalities for certain densities) Let u be a distribution
on X, g: X — [0,00] be a measurable function with ||g||z, () = 1, and p > 0. Then for P := guS,u
the following statements hold:

i) If there exist constants ¢ > 0 and [ € (0, 00| with
p({fr e X:0<|g—p| <s}) <(cs)’ (61)

for all s > 0 then for all measurable f : X — R we have

B " B
RLDLD:H(f) S 2((1 + p)C) o (RLclassvp(f) - RLclassap) 1o .
ii) If there exist constants ¢ > 0 and p € (1, 00] with

p{reX:lg—pl>s1}) <(cs) (62)
for all s > 0 then for all measurable f : X — R we have

c p—1

E m(RLDLD:N(f))T'

1
* P
RLclassvp(f) - RLclassJD S 2 <p _ 1)

Note that Condition (62) is equivalent to saying |g — p| € Ly (1) With ||g — p|lp,coc < ¢. Conse-
quently, if we actually have g € £, (1) then (62) is satisfied for ¢ = ||g||, + p. Moreover, the latter
condition is almost sharp since |g — p| € L, oo (1) conversely implies g € £,_.(u) for all sufficiently
small € > 0.

4.5 Density Estimation

In this last subsection we apply the developed theory to the density estimation problem. To this end
let us first recall that in this unsupervised learning problem we have a data-generating distribution
on X which is of the form gu, where p is a known distribution and ¢ is an unknown density. The
learning goal is then to estimate g. Let us assume that we have an estimate f of this density. Then
the quality of this estimate is usually measured by

Riylf) i= /X 1£(@) — g(@)]du(@) = I - glle g

orif g € Lp(p) is known, by Ry . (f) == |[f — gl c,(u)- Obviously, the above performance measure
Rr,u(.) is a risk with respect to the unsupervised loss function (x,t) +— [t — g(z)|. However, like
for the density level detection problem, this loss function is not accessible to us since we do not
know g. Consequently, if we want to assess the quality of an estimate, we need a surrogate risk,
i.e. a surrogate loss function. In order to find such a surrogate recall that a well-known heuristic
for the density estimation problem is based on using additional samples drawn from p (see e.g. [13,
Chap. 14.2.4]). Let us now briefly describe and analyze this approach. To this we define P := guSip
on X xY,Y :={-1,1}, i.e. P is the joint distribution of the original, positively labeled samples
drawn from gu, and the artificial, negatively labeled samples drawn from p. As usual, we identify
the conditional probability P(.|z) with n(z), via the relation P(y = 1|x) = n(z), so that we have

n(x)

9() _
(@) C1-nx)

= Tro@ and g(x)

Moreover, we need the following definition:
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Definition 4.34 Let L : Y x R — [0,00) be a supervised loss function such that for all n € [0,1)
the set Mp,,(0%) of exact minimizers contains a single element, denoted by m(n). Then L is called
a density estimation loss function if the map m : [0,1) — M = {m(n) : n € [0,1)} defined by

n+— m(n) is a bijection and M is a Polish space®.

Let us assume that we have a density estimation loss function L with associated map m : [0,1) —
M. Given a t € M one can then interpret m~!(¢) as an estimate of 7, and therefore the template

loss ] — ;
measures the quality of the estimate % for g. Moreover, for measurable f : X — M an easy

calculation shows

mil X x mil X
Ryplh) = [ 2=t D - D fapa) = [ |2 ) o] duto)

i.e. we have Ry p(f) = RLQM(%). Consequently, it suffices to investigates surrogates for the

template loss L. Let us begin with a negative result:

Theorem 4.35 There exists no uniformly L-calibrated density estimation loss function L.

Proof: Let us fix n € [0,1) and € > 0. Then we have 2277:: € [0,1) and consequently ¢, := m(éﬁf)

is well-defined. In addition, an easy calculation shows f/(n, ty) = € and hence we obtain

5max,i,L(€’ 77) = lpf CLJZ(t) - Cz,n < CLW(tﬁ) - Cz,r] :
teM:L(n,t)>e

Moreover, we have

CL,??(tn) = 77L(17t?7) +(1— U)L(_lvtn)

2+ 2n+e e(n—1) e(1—1n)
_ L(1,¢ (1— )L IR U ) PP ekl ) VR
2+e (L) + 2+¢ ( n)+ 2+¢€ (1tg) + 2+¢€ ( n)
€ €
= C* n+e 70 t — C t ,
1,2 +2+€ L(tn) 512 1(ty)
and consequently we obtain
2+¢ € 2+4¢ £
Cunty) = 5= Craee = 5C0alla) = 5= Cp g =5 C0-

Together with our estimate on the calibration function this yields

TCL 2nt+e §CL,1 _CL,'q‘

5max,Z,L(87 7]) S e

Now recall that we have already seen in the proof of Theorem 4.30, that n +— sz is continuous on
[0,1] and hence we find lim, .10, 7 ;(€,1) = 0. From this we easily infer the assertion. [ |

5This is only a technical assumption which is satisfied for all commonly used surrogates.
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Remark 4.36 At first glance one is tempted to conclude from Theorem 4.35 and Theorem 2.17 that there
cannot exist a general inequality between the risk Ry, M(fmil_(lf()f)) and an excess surrogate risk Ry p(f) —
R p- However, in the case of density estimation we are actually not interested in all distributions P
on X x Y, but only in distributions of the form gu ©; p with g being a density with respect to u, and
therefore Theorem 2.17 does not apply directly. Nevertheless, Theorem 4.35 can be used to show that no
density estimation loss function L allow a general inequality between RLQ,M(%) and its excess risk
Rer,p(f) — Ri p- Toseelet X := {1,2}, pu be a distribution on X and g : X — [0,00) be a density with
g(2) = 0. Note that p is uniquely determined by uq := u({1}), and since g is a density with respect to u we
have g1 := g(1) = 1/u1. Using our standard notations this yields n; := n(1) > 1/2 and n(2) = 0. Now note
that for f: X — R with m~*(f(2)) = 0 = g(2) we have

Crm (f1) —Ci
2m

Rrp(f)—Rip= M < Cry (f1) = CF oy s

where f1 := f(1). Moreover, for such f we also have

» ( m~*(f) ):1—771_‘ m~(fi) m :i(m,fﬂ
Frt 1 —m=1(f) m L—-m~'(f1) 1-m 2m

Now assume that we have a function ¢ : [0,00] — [0,00] and an inequality in the sense of Theorem 2.17.
Then this inequality in particular holds for f : X — R with m~!(f(2)) = 0, and hence we find

(M) < s(H00)) 5y (D)) < Rap) - Ri < Com (1)~ -

Since this inequality holds for all 7, € [1/2,1) and all f; € R, we easily see that L is uniformly L-calibrated
with respect to {n:1/2 < n < 1}. However, we have seen in (the proof of) Theorem 4.35 that this uniform
calibration is impossible, and consequently no general inequalities are possible in the above sense.

After these disappointing results let us finally present a positive result for convex loss functions:

Theorem 4.37 Let L :Y X @ — [0,00) be density estimation loss function which is convex in its
second argument. Then L is L-calibrated.

Proof: Repeating the proof of [26, Lem. 20] we see that the map m : [0,1) — M is monotone, and
since it is also invertible, it must be strictly monotone. Moreover, we obviously have My, ¢ »(0%) C
Mio .(07). Using Lemma 2.11 and the ideas of its proof we then obtain the assertion. [

Remark 4.38 Let L :Y x R — [0,00) be density estimation loss function that is L-calibrated. Repeating
the proof of Theorem 3.16 we then see that

-1
% — g in probability

whenever f, : X — M is a sequence of measurable functions with Ry, p(f,) — R} p- In particular, every
universally L-risk consistent method is also universally consistent in the above weak form of the density
estimation problem. Moreover, if g is a bounded density, then it is not hard to derive consistency with
respect to Ry, ,(.). Finally, we like to mention that additional results can be obtained by computing the
calibration function 4, 7 ,(.,.) for specific L, but because of space constraints we omit the details.

5 Proofs for the Results of Section 2 and 3

Proof of Lemma 2.5: For n € N let us fix an «,, € A that satisfies (2) for ¢ := 1/n. Then for
all z € X we have

LP(|o)w = ;IGIQCL,P(.M)@(OC) = inf Cpp(fo)2(an),
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and hence z — C}: P(2) is measurable. Furthermore for all n > 1 we have

1
RLP</CLP(x) (o) dPx (x /CLP (o) APx () + — < (ireli/CLP (Ja)x (@) dPx (z) +

< Rip+ ﬁ ;
and hence we obtain the second assertion if we let n — oo. [ |

Proof of Theorem 2.8: For brevity’s sake we write C1 z(a) := Cp, p(|2)2(®) — Czl,P(.Iac),x and
Coz(@) == Cr, p(|2)2(@) — CZmP(.\x)w for x € X, a € A. Furthermore let us fix an € > 0 and write
h(z) :=d(e,z), z € X. Then for all z € X, and all a € A with C; 5 () > € we have Ca z(a) > h(z),
and hence we obtain

RLz,P(a)_REQ,P = /XC2,x(Oé)dPX(£B) Z/c “ h(z)dPx (x)

for all @« € A. Furthermore, since h(z) > 0 holds for all x € X, the measure v := bPx is
absolutely continuous with respect to p := h Px and consequently there exists a § > 0 such that
v(A) < e for all measurable A C X with u(A4) < 4. For a € A with Ry, p(a) — R}, p < 0 and
A:={x € X :C1 () > €} the above considerations thus show

IN

Riop(a) R, p= / Cra(@)dPy (z) + / Cru()dPy () / b(@)dPy (z) + &
C1 x(c) C1z(a)<e A

2¢e.

IN

From this we easily get the assertion. |

Proof of Lemma 2.9: Let us first assume Cj, Q. = 00. Then we have Omax (8, Q, ) = 0o and
hence i) is trivially satisfied. Furthermore we have My, g +(dmax (€, @, z)) = 0, and hence we
obtain i). Let us now assume Cj, 5, < 0o. Then for o € My, ¢ (dmax (€, Q,2)) we have

CLQ,Q,m(a) - 6227(,271 < 5max (67 Qa :E) = ai'Iéf.:él CLQ,Q@(O/) - CEQ,Q,J,”
algMLl,Q,z(a)

which shows o € My, g.(e). For the proof of the second assertion let us fix a § with § >
Omax (&, @, z). By definition this means

inf  CrQa(@) = CL, o = Omax(6,Q,2) <4,

CVQMLLQ,Z(&)

and hence there exists a o € My, g.(6) with o € Mp, 0 »(€). Finally, in order to establish (9)
let us fix a a € A. Then for ¢ := Cp, gu(a) — C}, o, We have a & My, g .(¢) which implies
a & Mr,0.2(0max (€,Q,x)) by i). Since the latter means

CLQ,Q,:(J(Q) > ng,Q,x + 5max (57 Q7 37) = C}:Q,Q@ + 5max (CLl,Q,:c(a) - CE,Q@, Q7 J})

we obtain the assertion. [ |
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Proof of Lemma 2.11: Since My, g.(¢) is an interval and Cr, ¢ (.) : R — [0, 00) is continuous
we obtain

Omax (€, @, x :min{ inf C «), inf C a}—C* .
max (€, @, T) a<inf Mz, 0.0(¢) L2,Q,x( )azsupMLl,Q,z(a) Lz,Q,m( ) L2,Q,x

Moreover, for o € R with a ¢ My, g »(¢) we have a &€ My, 0.(07), and consequently we find
a & Mp, 0.(07). Now, it is easy to check that the map a — Cp, ¢ () is convex, and consequently
it is strictly decreasing on (—oo, inf My, ¢ »(07)] and strictly increasing on [sup M, ¢ »(0"), 0).
Combining all observations we obtain the assertion. |

Proof of Theorem 2.13: Let us use the shorthands C; ;(«) and Cs () defined in the proof of
Theorem 2.8. Assumption (12) together with Lemma 2.9 and R}, p < o0, R}, p < oo then gives

(5(Cljx(a)) < Cop(av) (63)

for all € X and all @ € A. For a € A with R, p(a) < oo Jensen’s inequality together with the
definition of By, 6% (.) < 4(.), and (63), now yields

05, (Rry,p(a) = RL, p) < / 0, (Cre(@))dPx(z) < / Cou() dPx (%) = Rp,p(a) =R, p-
X X

Finally, for o € A with Ry, p(«) = oo we have B, = oo. If §3(0c0) = 0 there is nothing to prove,
and hence let us assume §%%(co) > 0. Then observe that because of 0 = 6(0) = §33(0) and its
convexity the function §** is increasing. Consequently, if there is a tg > 0 with §5*(tg) = oo we
obviously have t < ¢1055(t) + ¢g for ¢; := 1, ¢ :=tp and all t € [0,00]. On the other hand, if 6**
is finite on [0, 00) then there exists a tg > 0 and a ¢g > 0 such that the (Lebesgue)-almost surely
defined derivative of 0% satisfies (0%)'(t) > ¢o for almost all ¢ > ty. By Lebesgue’s version of the
fundamental theorem of calculus (see e.g. the Theorems 26-28 in Chapter X of [11] or the Theorems
271, 269, and 274 in [16]) we then also find constants ci,co € (0,00) with t < €185 (t) 4 ¢ for all
t € [0,00]. In both cases (63) consequently yields

00 = / Ciz(a)dPx(x) < 01/ 655 (Cra(a))dPx (z) + ez < e1(Rpg,p(a) — R*LQ,P) + c2,
X X

and hence we have R, p(a) — R}, p = oo. This shows the assertion. [ ]

Proof of Lemma 2.16: In order to show the first assertion we fix an € > 0. If Jpax(e,Q) = 0
there is nothing to prove and hence we assume dmax(e, Q) > 0 without loss of generality. Then
there exists a strictly positive sequence (6,,) with &, /" dmax(e, Q) for n — oo, and M, 0 »(6n) C
Mr,.0.(¢) for all n € N. Now let us fix an a € My, Q2 (0max(g, Q)). Then we have Cr, g »(a) —
Cl,.02 < Omax(g,Q) and hence there exists an n € N with Cr, g.(®) — C], o, < n. Obviously
this implies o € M, ¢ +(6n) C Mr, Q(€), i.e. we have shown the first assertion.

In order to prove the second assertion we write d(¢) := infyex Omax (€,Q,x) for ¢ > 0. Since
0(g) < Omax (6,Q, ) for all z € X, Q € Q, and £ > 0, we then obtain

ML2,Q,:E(6(5)) C MLQ,Q,x(émax (6,Q,x)) C MLl,Q,x(s) .

Omax(€, Q) for some £ > 0. Then there exist @ € Q and z € X with dmax (6, Q, ) < Omax(€).
However, the already proved first assertion shows M, 0 »(dmax(e, Q)) C Mp, 0«(€), and hence
we find a contradiction by i) in Lemma 2.9. [ |

This shows §(¢) < Omax(e, Q). In order to prove the converse inequality let us assume d(g) <
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Proof of Theorem 2.17: Let us fix an x € X and a Q € Q. Furthermore, let P be the distri-
bution on X x Y with Px = d¢,y, where dy,) is the Dirac measure in x, and P(.|r) = Q. Then
P is of type Q and we have Ry, p(a) = Cp, @(a) and R}, p = Cj. o, < oo for i = 1,2 and all
measurable o € A. Consequently our assumption yields

5(CL17Q7I(Q) - Czl,Q,x) S CL27Q7x(O[) - CZQ,Q,x

for all o € A. Now let & > 0 and @ € My, ¢ +(d(¢)). Then we have Cr, g(a) = Cf, o, < d(¢) and
hence the above inequality yields §(Cr,,@,«(®) —=Cj | o) < d(¢). Since ¢ is monotonically increasing
the latter shows Cr, g «(@) — Cf o, <€, i.e. we have found My, ¢.(6(¢)) C My, g(e). Lemma
2.9 then shows 6(¢) < dmax (€, @, z), and hence Ly is uniformly Lj-calibrated with respect to Q. B

Proof of Theorem 2.18: Let us use the shorthands C; ;(«) and Cs () defined in the proof of
Theorem 2.8. Then our assumption on dmax (€, z) together with (9) yields (Caz(a))?b(z) < Cyz(cv)
for all x € X, a € A, and hence using Holder’s inequality with r defined by ¢ = % + 1 gives

Ri,pla) = Rp, p < ( [ b7 Cuafe) dPXo:))g < ( / dePX);T ( [ et dPX<x>) .
X X

X

Since p > r we then find the assertion. |

For the proof of Theorem 3.2 we need a method for finding measurable selections from multi-
valued maps of specific forms. We begin with some basics: Let X, Y, and Z be measurable spaces,
h:X xZ—Y and A CY be measurable, and

F: X — 22

v — {z€Z:h(zx,z) € A}. (64)

Furthermore we write

DomF := {ze€X:F(z)#0},
GrF = {(:r,z) EXXZ:ZGF(I’)},
F'B) = {zeX:F(x)NB+#0} BCZ.

Note that we have Dom F = F~Y(Z) and GrF = {(z,2) € X x Z : h(z,2) € A}, so that in
particular Gr F' is measurable. Furthermore, if mx : X X Z — X denotes the projection onto X
then we have

Dom F = {z € X : 3z € Z with h(z,2) € A} :7rX<{(:L',z) € X XZ:h(z,z2) EA}) =7x(GrF).

Now the following result provides a sufficient condition under which Dom F' is measurable and F'
admits measurable selections.

Lemma 5.1 Let (X, X) be a complete measurable space, Z be a Polish space equipped with its Borel
o-algebra, and Y be a measurable space. Furthermore let h : X X Z — Y be a measurable map,
A CY be measurable and F : X — 2% be defined by (64). Then the following are true:

i) Dom F' is measurable.
it) There exists a sequence of measurable functions f, : X — Z such that for all x € Dom F' the

set {fn(z) : n € N} is dense in F(x).
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it1) Let ¢ : X x Z — [0, 00] be measurable and 1) : X — [0,00] be defined by

P(x):= inf @(z,2), z e X. (65)

z€F ()
Then v is measurable. Furthermore, for all n > 1 there exists a measurable f, : X — Z such
that for all x € Dom F we have fp(z) € F(x) and ¢(z, fo(x)) < ¢(x)+1/n, and consequently

Y(x) = inf (m,fn(x)) .

neN

In addition, if the infimum in (65) is attained for all x € Dom X then there exists a measurable
function f: X — Z with ¢(z) = ¢(x, f(z)) for all x € Dom F'.

Proof: i). Let us first recall that the so-called projection theorem [7, Thm. I11.23, p. 75] ensures
mx(B) € X for all B € X @ B(Z). Now the assertion directly follows from Dom F' = 7x (Gr F') and

the projection theorem.

i1). Let X be the trace o- algebra of X on Dom F'. Then it is easy to see that X is a complete

o-algebra. Furthermore, F|pop, p : Dom F' — 2% obviously maps Dom F' to non-empty subsets of Z

and in addition we have

Gr(Flpomr) = {(z,2) € DomF x Z : z € F(z)} = Gr F N (Dom F x Z),

and hence Gr(F|pom ) is measurable. Now Aumann’s selection theorem in the form of [7,
Thm. II1.22, p. 74] gives a sequence of X-measurable functions f, : DomF — 7 such that
{fn(z) : n € N} is dense in F(x) for all z € Dom F. Extending these functions to measurable
functions f, : X — 7 gives the assertion.

i71) The measurability follows from [7, Lem. II1.39, p. 86]. Furthermore, on the measurable set
{r € X : ¢(x) = oo} there is nothing to prove and hence we may restrict our considerations to
Dom FFn{z € X : ¢¥(x) < oo} equipped with the trace o-algebra of X'. Then the existence of f,, is
shown in [7, p. 87]. Finally, the existence of a measurable f : X — Z is shown in [7, p. 86]. |

Proof of Theorem 3.2: First note that the measurability of (x,t) +— Cr, p(|s)(t) can be shown
using standard arguments.
i). If C} Plla)e = X for some x € X, then (2) cannot be true for this =, and hence L is not

P-minimizable. To see the converse implication observe that the multivalued map F : X — 27,
defined by F(x) := 7 for all z € X, is obviously of the form (64) for arbitrary measurable h and
A :=1T. We write ¢(x,t) := Cp p(|a)2(t) for all z € X, t € T, so that ¢ : X x T — [0,00] is
measurable. Then we have
* _ .

CL.P(jo)e = tegl(fx) p(z,1) (66)
for all x € X, and consequently Lemma 5.1 shows that for all n > 1 there exists a measurable
function f, : X — 7 with

Cr.p()(fa(2) = o(2, fa(@)) < CF priaye +1/1 < CL p(jaye +2/0
for all x € Dom F' = X. From this we easily conclude that L is P-minimizable.

ii). This assertion also follows from Lemma 5.1 since My, p(|s)2(0%) # 0 for all 2 € X ensures
that the infimum in (66) is attained for all z € X. [ |
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Proof of Theorem 3.3: Without loss of generality we may assume Czi Py < forall z € X
and i = 1,2. To show the measurability of z — dmax(e, P(.|z),z) we equip [0, c0] with the Borel
o-algebra, write A := [, 00|, and define h : X x 7 — [0, 00| by

h(xa t) = CLl,P(.\x),x(t) - Czl,P(.\x),x ) (xa t) €X xT.

Then h is measurable and for F : X — 27 defined by (64) we have T \ M, P(je)z(€) = F(z) for
all z € X. Furthermore, ¢ : X x 7 — [0, oo] defined by

gO(JZ‘,t) = CLQ,P(.|I),x(t) — CEQ,P(.\x),x’ (.T,t) e X x T,
is also measurable. For all x € X our construction yields

Imax(e, P(.|x),x) = teizrvl(fz) o(z,t),

and consequently we obtain the measurability of z +— dmax(e, P(.|z), ) by Lemma 5.1.
Let us now assume that there exists an ¢ > 0 such that B := {z € X : dpax(e,z) = 0} satisfies
Px(B) > 0. With the above notations we obviously have B C Dom F. Moreover for all n > 1

Lemma 5.1 gives us a measurable function f7(11) : X — 7 with

1

CLg,P(.|m),x(f151)(x))*0227P(.|z)7x < - and CLl,P(.|z),x(f7(L1))* LuP(n)e = €

for all + € B. Furthermore, since Lo is P-minimizable there also exist measurable functions

7&2) : X — 7 with
1

CLop(f)a ([ (@) = CF, plimye < -

for all x € X. We define f,, : X — T by fu(z) := él)(x) if x € B, and fp(x) := f7(12)(a:) otherwise.
Then f,, is measurable and our construction yields both lim,, oo R, p(fn) = RE% p and

Risr(F)=Riyp > [ Coptinolt) =, (o dPx(2) = ePx(B).
From this we easily obtain the assertion. |
Proof of Theorem 3.6: Since dpax(., Q) is monotonously increasing, the set

U .= {5 > 0 : Omax(., @) not continuous in 5}

is at most countable, and hence there exists a sequence (g,,) with {e,, : n € N} = UU{r € Q : r > 0}.
Then for all n,m > 1 there exists a distribution @, € Q with

1

E + 5max(5n> Q) > 5max(5m Qn,m) = tlg’]f’ CLQ,Qmm (t) - CEQ7Q"7m .

thLLQn,m(E’ﬂ)
Therefore for all n,m > 1 there exist t, , € 7 with ¢, ., € Mp, Q,..(€n) and

1

CLQ:Qn,m (tnam) - CEQ,QTLJn < 6max(€n7 Q) + E .

Now, let A, ,, C X, n > 1, be according to our assumption. Note that without loss of generality
we can additionally assume X = Unm Apm. Consequently, for x € X there exists a unique
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(ng,mg) € Nx N with € Ay, m,.,,, . Furthermore, let P be the distribution on X x Y which is
defined by the conditions Px = p and P(.|x) = Qn, m,, ¢ € X. Now let us fix an n > 1. Then for
all z € U,,, An,m our construction gives t, ;n, ¢ M, p(|)(€n), and hence we obtain

. 1
Omax(&n, P) < CLQ:Qn,mI (tn,mz) - CLQ,Qn,mx < Omax(€n, Q) + —.

My

Minimizing over x € |J,,, An,m then gives dmax(en, P) < dmax(en, Q) for all n € N, and consequently
we have dmax(€n, P) = Omax(en, Q) for all n € N. In particular, this shows dpmax (g, P) = 0max (g, Q)
for all e € U. Now let ¢ > 0 with € & U. There there exists a sub-sequence (g, ) of (&,) with
eny \ € for k — oo. This gives dmax(eny s P) = Omax(€nys Q) — Omax (€, Q), and hence we have

> i > i ! =
5max(57 Q) = ligfi 5max(€nka P) = al’gfa 5max(5 7P) 6max(€7 P)

by the monotonicity of dpax(., P). From this we easily obtain (18). [ |

Proof of Theorem 3.9: To shorten notations we write

Cralf) = Cryp(lx)a(f(@) = CL, plia)e and
C2,m(f) = CLg,P(.\a:),z(f(:L‘)) - ng,P(.|z),J:

for x € X and measurable f : X — 7. Furthermore, for s > 0 we write
C(s):={z € X : A(x) # 7, and bpmax(h(z), P(.|z),z) > sh(z)} .
By (9) and (20) we then obtain

Risp(f) -~ Rip = /B L Laln @)@ ar ) + /C LAl S aPx(@)

st T |z),x x, f(x x
< [1ponary+ /C(S) e (h(@), P([2), 2) La(x. f(x)) dPx (a)
S (cs)a + 3_1 / 5max(cl,:l?<f)7 P(‘.@), x) dPX<$)

C(s)
< (e8)*+ 5 (Riyp(f) — Ri,.p) -

1 1
For a0 < o0, the assertion then follows by setting s := (qec®)™ a1 (RLQ,p(f) - R*L%P) o+1 and using
aiaiﬂ —+ a%ﬂ g 2.
Furthermore, for a@ = oo the assertion follows by setting s~! := 2c. |

Proof of Lemma 3.13: Let P be a distribution on X x Y with P(.|x) € Qmin(L) for all z € X.
We write X := X x R and Z := R. Furthermore, for Z = (x,t) € X and ¢ € Z we define

h(i‘, t,) = CL,P(.‘%) (t/) - Cz,P(‘a;) B
F(z) = {' eR:h(z,t)=0}, and
oz, t) = [t-1].

For the P-instance L p of L we then have

v

Lp(z,t) = inf t—t|= inf z,t
(@,1) vem o [t — 1] puf o(z,1),
and consequently we obtain the assertion by part iii) of Lemma 5.1. |
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Proof of Theorem 3.16: For a fixed p > 0 we write A, = {(Q,t) € Q xR L(Q,t) > p}. By
Lemma 3.13 we then see that L := 14, defines a template loss function, whose P-instance Lp is a

detection loss with 2 = 1x. Furthermore, we have My o(e) = {t € R : LQ,t) < p} = M; o(p)
for all e > 0 and Q € Q, and thus we find

5maX,L,L(67 Q) = 6max,i,L(p’ Q) > 0.

In other words, L is L-calibrated with respect to Q. For € > 0 Theorem 3.3 thus gives a § > 0 such
that for f: X — R with Ry p(f) <R} p + ¢ we have

Px({zeX: f)p(x,f(x)) >p}) =Ri,pf) ~Rp,p<ec.

Proof of Proposition 3.19: We write o := 1% and L := L®. Then L is a template loss function
by Lemma 3.13, and since M; ,(e) = {t € R: L(Q,t) < &} we easily find

5max,E,L(€’ Q) = 5max7i,L(€1/a7 Q) ) € > 0’ Q E Q'

Furthermore, we obviously have 4 > 1%1 and Rz »=0, and therefore Theorem 2.18 yields

QR

o Lo f@)3 = Ripplf) =Ry, o < 10715 (Rep(f) ~Rip)

Appendix

In this appendix we discuss some simple properties of convex functions. Recall that a function
f:I — Ron an interval I C R is called conver if for all x1, 25 € I and all a € [0, 1] we have

flazi + (1= a)zs) < af(zr)+ (1 —a)f(z2).

Furthermore, it is called strictly convex if this inequality is strict for all z1,x9 € [ with 1 # x9,
and all @ € (0,1). Obviously, every strictly convex function is also convex. Furthermore, it is
well-known that convex functions f : I — R are continuous on the interior of I. The following
lemma describes some less trivial relations between the different notions of convexity:

Lemma A.1 Let f: I — R be a function. Then we have:

i) If f is convex and satisfies f(apr1+(1—ap)x2) = apf(z1)+ (1—ap) f(z2) for some x1,x9 € I,
ag € [0,1], then actually for all a € [0,1] we have

flazi + (1= a)zs) = af(z)+ (1 —a)f(z2). (67)

i1) If f is continuous then f is convex if and only if for all x1,x9 € I we have

f<$1+$2

£I2) < fa) + 5 f(w). (68)
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i11) If f is continuous then f is strictly convex if and only if for all x1,xe € I with x1 # x9 we
have

f<331+332

+2) < G0 + 5 wa). (69)

i) If f is uniformly convex and continuous then it is strictly convex. Conversely, if I is compact
and f is strictly convex and continuous then it is actually uniformly convex.

Proof: i). This assertion can be shown using elementary calculations.

i). This follows from [2, Thm. 8 and 10].

iii). If (69) holds then we have already seen that f is convex. Consequently, if f was not strictly
convex we would have (67). However, by i) we could then assume ag = 5 which would give a
contradiction.

iv) The first assertion follows from iii) and the second assertion is trivial. [ ]

Our next aim is to investigate the modulus of convexity. Although this concept, in an equivalent
formulation, has already been introduced in 1966 (see [23], [17]) almost nothing that is useful for
us, seems to be known (see however [5, 35] and the references therein for some general information
on the modulus). Therefore, we present the following two lemmas which provide some ways to
simplify the computation of ¢¢(e):

Lemma A.2 Let ) # 1 C R be an interval and f : I — R be strictly convex. Then we have

0f(2) = inf{f(m —¢) —; flete) — f(x) : z satisfies t—e € I and x+¢ € I} , e>0.

Proof: For fixed z1 € I we define hy, : I — [0,00) by hy, (x2) := f(xl);f(m) — f(Bf2), zy € 1.
The fundamental theorem of calculus for Lebesgue integrals then shows that the derivative hl, (x2)

exists for almost all z2, and an easy calculation shows A, (x2) = @ — 3 f/(21422) for such zo.
Furthermore, since f is strictly convex and h;, has a unique minimum at 1, we obtain A/, (z2) <0
if 29 < 21, and A/, . (x2) > 0if 29 > x1. The fundamental theorem of calculus for Lebesgue integrals
then shows that hy, is strictly decreasing on (—oo,z1) N I, and strictly increasing on (z1,00) N I,
and thus we have

d¢(2) = min{ inf  hg, (z1 —2¢), inf hg (21 + 25)} = inf hgy _(x1+¢€),

z1el z1€l z1teel
x1—2e€l x1+2e€l xr1—e€el
where in the last step we used hy, —-(x1 +¢) = hg 4e(z1 — €). [ |

With the help of the following lemma we can often estimate the modulus of convexity.

Lemma A.3 Let I C R be a symmetric interval, i.e. x € I implies —x € I. Then for all strictly
convex, symmetric f : I — [0,00) and all € > 0 we have

—_ T+e
ateel oteel "

Furthermore, if I =R, then for oll x > 12¢ we have

o) > 20 ¢(2e)2? .

e2
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Proof: The first equation follows from Lemma A.2 and the symmetry assumptions. Furthermore,
by the fundamental theorem of calculus for Lebesgue integrals we obtain

fatetfe-a=2@+ [ (1070, (70)

and hence the second equation follows. Finally, in order to show the last assertion we first observe
that f has a minimum at 0, and hence we have f/(t) > 0 for all ¢ > 0 where the derivative exists.
We write b := 20¢(2¢), and z, := 2en for n > 1. These definitions together with (70) yield real
numbers t,, € [z, T, + €], n > 1, that satisfy

Tn+eE
b < / (f't) = f't—e))dt < e(f'(tn) — ['(tn — ),

i.e. we obtain f'(t,) > f'(tn —5)+b for all n > 1. Furthermore we have t,,—¢ > x,—¢ = x,,_1+¢€ >
tn—1 and hence f'(t, —¢) > f'(tn—1), n > 2. By induction we thus find f'(t,+1) > f'(t1) + b” > b?”

for all n > 1. Now let ¢ > 6 such that f’(t) exists. Then there is an n > 3 with 2en <t < 25(n—|—1),
and hence we get

P> Fltny) > b(n — 2) S b(a;2;268) .

Consequently, for x > 12¢ the fundamental theorem of calculus for Lebesgue integrals gives

v b (7 b(z — 6¢)® _ ba?
xz) = f(6e "(t)d t> o> t—6be)dt = —— > —.
fa) = 16+ [ p0de= oy [ sna =" S 0
[ |
Example A.4 We write I := [-B, B], and for 0 < p < 2 we define ¢ : I — [0,00] by 9(t) := [t|?, t € I.
Then for all € € [0, B] we have
p(p—1) p—2_2 2.2
LS < < ¥ pr-
3 BP7%e® < §y(2e) < 20 _1) B

To see this let ¢t € [0,1] and a € (0,1). Then we have (1 —0)% =1—a0 and —a(1 —t)*~! < —a, and thus we
obtain (1—%)* < 1—at by the fundamental theorem of calculus. For s := 1/t We hence find (1—-1)* <1-—
which is equivalent to (s — 1) < s* —as®~!. Since in addition 54! < (s —1)~! implies 5% — 5%~ f <(s— 1)
we have

as® 1 <5 — (s — 1) < 527! (71)

forall 0 < a < 1 and all s > 1. Now an easy calculation shows

th=l —(t—e)P7t ift>e
Pl (e—t)P7l ifo<t<e.

P(t)—Y(t—e)=p {
Furthermore, for s := £ > 1 we have ¢/(t) — ¢/(t —¢) = P71 (s*~* — (s — 1)P7!), and thus our preliminary
considerations give
(p—1DetP™2 = (p—1)eP 1P 2 </ (t) — ' (t —e) <P 1?72 = ctP=2,
From this we can easily prove the assertion using basic calculations.

Example A.5 We write I := [—B, B] and define ¢ : I — [0,00] by ¢(t) := —1In
e € [0, B] we have

(1+ )2, t € I. Then for all

ef—1 eB e ef—1. eB4e2
1 < 0yp(28) < 1 .
2ec . eB 4ec — v(2e) < e . eB 4 ec
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_ et—1

Indeed, an easy calculation shows v'(t) = 77 for all ¢ € I, and hence we obtain

b1 et —ef 2et(ef — 1)
/t _ /t_ — € _ —
Vi) = vt —e) et+1 et+e (et +1)(et +€7)

for all t € [0, B], ¢ € [0, B]. Consequently we have

ef —1 ef —1
- < YP) =Yt - < 2—
S SV -w-e) < 25—

for all t € [0, B], € € [0, B]. Furthermore, for ¢ > 0 an easy calculation gives

z4e _e B € €
-1 -1 -1
inf / etidt = / ° dt = £ (t —In(e" + ef))
z€l0,B—¢] J, el +ef B_g €'+ €f ef

From this we easily find the assertion.

B

€ B e’
t—B—¢ e e’ +e

The following two lemmas establish important properties of the Fenchel-Legendre bi-conjugate
operation **. We begin with

Lemma A.6 Let B > 0 and d : [0, B] — [0,00) be a monotone increasing function with 6(0) = 0
and 6(g) > 0 for all € € (0, B]. Then for all € € (0, B] we have

5*(€) > 0.

Proof: Let us assume that there exists an 0 < ¢ < B with 6**(¢) = 0. Then we have (g,0) €
Epié** = coEpid, and hence there exists a sequence (ep,y,) € coEpid with ¢, — € and y, — 0.
Furthermore, we have coEpid C R?, and hence Carathéodory’s theorem (see e.g. [24][p. 55])
guarantees that for all n > 1 there exist €,1,en2,6n3 € [0,B], Yn1,Un2,Un3 € [0,00), and
Qn.1,0n.2,Qn 3 € [0,1] with

En = Qp1€n1 + Qp2En2 + Qn3En3,
Yn = Qp1Yn,1 + n2Yn2 + Qn3Yn3,
1 = On1+ap2+an3,
Yni = 5(5n,i)a 1=1,...,3.

In addition we may assume €,1 < €,2 < €p,3 without loss of generality. Since this yields e, =
n1En,1 + Qn2En2 + An3en3 < ep3 We find yp 3 > 6(gn3) > d(epn) > 6(5) > 0 for large n. Recalling
yn — 0 we thus obtain a,, 3 — 0 which implies both oy, 1 + a2 — 1 and o, 16n,1 + ap2en2 — €.
However, the latter convergence gives % < apénl + Qp2ena < (am1 + an2)en 2 for large n, and
hence we have ¢,2 > § for large n. Again this shows yn2 > d(en2) > d(5) > 0 for large n, and
thus we find o, » — 0. Obviously, this yields both o, 1 — 1 and oy, 16,,1 — €, and hence we obtain
en,1 > § for large n. Finally, this gives yn,1 > d(epn,1) > 6(5) > 0 for large n and therefore we find

ap,1 — 0 which contradicts the already found convergence a;, 1 — 1. [ |

Lemma A.7 Let B> 0, and ¢ : [0, B] — [0,00) be a continuous function with 6(0) = 0. We define
5 :[0,B] — [0,00) by §(c) := infus. (), € € [0, B]. Then & is monotonously increasing, and for
all € € [0, B] we have

5 (e) = 6™ (e).

In addition, if 5(¢) > 0 for all € € (0, B, then 6(¢) > 0 for all € € (0, B].
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Proof: The first assertion is trivial and the third assertion directly follows from the continuity of
6. Therefore, it remains to show 3
coEpid = coEpid (72)

since this equation immediately yields §** = §**. To establish (72) we first observe that 6(e) < 6(e)
for all € € [0, B] and hence we have coEpid C coEpid. To prove the converse inclusion observe that
it suffices to show (e,d(¢)) € coEpid for all € € [0, B]. Furthermore, we have 6(0) = 0 = §(0) and

d(B) = 6(B) and hence we can restrict our considerations to pairs (g,0(¢)) for € € (0, B). Therefore
let us fix an ¢ € (0,B). By the definition of § we then find an e, € [¢, B] with d(e;) = d(e).
Furthermore, we have §(0) < d(e) < 6(¢) and hence the intermediate value theorem applied to the
continuous function § gives us an e_ € [0,¢] with §(e_) = d(¢). Now, there exists an a € [0, 1] with
e = aey + (1 — a)e_ and since our previous considerations showed

3(e) = ad(e) + (1 — a)d(e) = ad(es) + (1 — a)d(e)

we obtain (g,4(¢)) € coEpid. [ |
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